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■IPost-extrusive hydrothermal alteration within basaltic lavas has been examined with I
special reference to the Lower Carboniferous Clyde Plateau Basalts of the Midland Valley of 
Scotland. Within this province several steep-sided, narrowly constrained zones of intense 
water-rock interaction have been located and examined. It is thought that these zones, or 
metadomains, developed where hydrothermal fluids exploited permeability contrasts within the 
volcanic pile and as such they represent foci for geothermal fluids which advected through the 
lavas.
In the field metadomains are often manifest as areas of intense alteration and 
hydroffacting of the host basalts. Characteristic alteration mineralogies are often hydrous and 
typically include evolved phyllosilicate assemblages, prehnite, analcime and calcite. Petrography 
reveals that prehnite and analcime are always paragentetically earlier than calcite across the whole 
of the lavas. Also, metadomain development was accompanied by significant elemental mobility 
within the host basalts; Si, Ti, Fe, Mn, Mg, Ca, Na and K all exhibit varying degrees of mobility, 
whilst Sr, Rb, Cu and Zn display extreme mobility. Furthermore, metadomain basalts have higher 
volatile contents than there unaltered counterparts.
Fluids present during metadomain development typically were Ca^+, Na+, Cl" 
dominated brines which exhibited both a wide range in salinity (approximately 0 to 25 equiv. wt.
% NaCl) and temperatures (approximately 50°C to 300®C). As the development of metadomains 
proceeded it appears that the fluid present was a hybrid formed from the interaction and mixing of a 
low temperature, low salinity fluid which was ultimately of surface origin and a higher temperature 
brine derived from the underlying sediments. The presence of minor amounts of hydrocarbon 
material within the fluids testified to the involvement of organic rich sequences within the 
underlying Inverclyde Group sediments. These fluids also record a number of physical processes 
which are observed within currently active geothermal systems such as mixing and boiling 
indicative of near surface conditions. Such processes appeared to be largely responsible for 
controlling the gas content of the fluids.
Combined fluid inclusion and stable isotopic analysis of alteration phases 
(specifically analcime and calcite) has been used to determine fluid origins and evolution during 
metadomain development. Fluids present during the precipitation of analcime appears to have 
originated as a surface derived fluid which interacted (isotopically and chemically) with reactive, 
carbonate rich sediments, possibly the underlying Inverclyde Group.
Fluids present during calcite precipitation can be separated into two distinct groups; a 
low to intermediate (c. 90 to 200°C) surface derived fluid and a higher temperature fluid which 
also appears to have interacted with reactive sediments. Carbon isotopic results confirm that 
organic derived material interacted with these fluids. Uniformity in carbon isotopic compositions 
suggests that the carbon reservoir was active prior to calcite precipitation.
As geothermal activity waned calcite precipitation still continued whilst fluid 
temperatures decreased due to convective cooling of the lava pile. During this stage it appears that 
fluids were dominantly of surficial origin.
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FRONTISPIECE : THE CAMPSIES AS VIEWED FROM THE SOUTHWEST
The landscape is dominated by the effects of the Campsie Fault which has a downthrow of 
approximately 900 metres to the south. In the background the Campsie block consists of a 
sequence of lavas which form part of the Clyde Plateau Lavas, occupying a major part of 
the Lower Carboniferous succession around the Clyde Estuary. Towards the top of the 
plateau it is possible to observe individual lava flows, whilst to the extreme left the 
prominent hills, Dumgoyne and Dumfoyne, which are volcanic vents^ near 
contemporaneous with the lavas. Occupying the mid-ground is an 18 hole, par 72 golf * 
course (note clubhouse to extreme left), beneath which there are sediments belonging to 
the Calciferous Sandstone and Carboniferous Limestone Series.
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locality.
1.2 Techniques used
A variety of techniques have been used to address the aims outlined in the previous 
section. The first four chapters of this thesis are concerned with the characterisation of the 
metadomains following an integrated study using pétrographie, XRD, microprobe and XRF 
analysis. The following two chapters present and discuss the results of a combined fluid 
inclusion and stable isotopic analysis of alteration minerals from the metadomains (analcime 
and calcite). The final chapter then presents a synthesis of all the work carried out.
1.3 Regional setting
A general account of the regional geology of the Midland Valley is given by Cameron 
and Stephenson (1985). For detailed accounts of the petrology and petrogenesis of the Clyde 
Plateau Lavas (hereafter referred to as the Clyde Lavas) the reader is referred to Whyte and 
MacDonald (1974), MacDonald (1975) and Craig (1983). A detailed account of die 
lithostratigraphy of the region is given by Paterson and Hall (1983), whilst reviews of the 
deeper geology of the region can be found in Bamford (1979) and Upton et al. (1983). Since 
MacDonald (1973) gives a brief account of minor, localised alteration phenomena within the 
Campsie Fells, the subject has not attracted extensive attention until the study of Evans 
(1987).
The Clyde Lavas form a major igneous province within the Midland Valley and are 
Dinantian in age, ranging from approximately 350 to 320 Ma. They are found outcropping 
in the western Midland Valley, surrounding much of the area to the north, west and south of 
Glasgow where they form the Campsie Fells, Kilpatrick Hills and Renfrewshire Hills 
respectively (see Figure 1.1). Structurally, they consist of several fault bounded blocks, each 
with distinctive petrological characteristics and reach thicknesses of up to 900 metres in
places. Borehole information demonstrates that they extend eastwards and overlap with the 
western extension of the Bathgate Volcanics. Cameron and Stephenson (1985) estimate that 
the original extent of the Clyde Lavas may have been up to 3 000 km .^
The lavas constitute a major component of the Dinantian Calciferous Sandstone 
Measures within the western Midland Valley and have been assigned to the base of the 
Strathclyde Group by Paterson and Hall (1983) which is directly overlain by fluviodeltaic 
sediments of the Lower Limestone Group. The volcanic sequences which constitute the Clyde 
Lavas overlie rocks ranging in age from Upper Devonian to Lower Carboniferous suggesting 
a period of uplift prior to eruption.
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Figure 1.1 Sketch map showing outcrop of the Clyde Plateau Lavas and associated features (after Cameron and Stephenson. 1985). Also shown are metadomain localities described in this study (after Evans. 1987)
Plate 1.1. Prehnite development at Boyleston Quarry. Prehnite is most commonly found within 
the reddened, oxidised flow top of the lowest flow exposed at Boyleston (see Plate 1.4), It 
is frequently pale green and mammilary, occurring mainly within amygdales and vein 
networks which do not exhibit hydrofracturing. This example can be found at the northeastern 
periphery of the quarry (see Plate 1.4).
Plate 1.2. Prehnite vein from Boyleston Quarry. This sample is collected from the locality 
shown above. Note the porous and highly altered nature of the host basalt and also the green 
staining upon some surfaces which is due to the presence of copper within the vein.

Plate 1.3. Hydrofractured analcime vein from Boyleston Quarry. Analcime is frequently found 
within the middle flow where it forms large hydrofractured vein networks. It is commonly 
found as white or pink, well formed icosi-tetrahedra. Also, note the angularity of the 
encapsulated basalt fragments suggesting transport of detached material over small distances. 
There is a change from matrix to clast supported conditions downwards indicating that 
fragments settled through the hydrothermal fluid following initial fracturing.
m4
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Plate 1.4. Boundary between lower and main flow, Boyleston Quarry. This locality is found 
within the northeastern comer of the quarry and provides a vertical section through a 
metadomain whilst also demonstrating the undulatory and sharp nature of the contact between 
flows. The lower flow is extensively altered, oxidised and impregnated by prehnite and minor, 
later calcite. The middle (main) flow is grey on fresh surfaces, is relatively unaltered, but has 
undergone extensive hydraulic fracturing, Analcime is abundant within veins together with 
minor calcite. The boundary between analcime and prehnite dominated conditions is 
coincident with the flow boundary.
Plate 1.5. Metadomain intersecting volcaniclastic wedge. This metadomain develops within 
the main lava flow at Boyleston Quarry and is readily identified because of intense veining 
and hydrofracturing of the host basalt. It can be seen that the volcaniclastic wedge 
immediately above the main lava flow is intersected by the metadomain as shown by 
bleeching of the sediment due to the precipitation of light coloured alteation minerals. Also, 
it can be seen that the uppermost lava flow within the quarry is not affected by metadomain 
activity.
'  ' . r - '
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Directly underlying the lavas around the Clyde Estuary are sediments of the Inverclyde 
Group comprising the Clyde Sandstone Formation, Ballagan Formation and Kinness wood 
Formation. Inverclyde Group sediments typically consist of cementstones and sandstones, 
characterised by beds and nodules of limestone in association witli silty mudstone formations 
containing thin dolomite horizons. Around the base of the Campsie FeUs the Ballagan 
Formation is well exposed and consists of grey, silty mudstones with numerous dolomitic 
horizons. This formation is thought to vary in thickness, reaching a maximum of »
approximately 400 metres and has been interpreted as having been deposited under marginal |
marine conditions subjected to periodic desiccation.
Chemically most of tlie Clyde Lavas are basalts with subordinate trachytes and have 
been classified on the basis of phenocryst type and proportion by MacGregor (1928).
Towards the base of the sequence volcanic detritus, ashes and tuffs are common whilst 
oxidised flow tops and boles are found throughout the sequence and are indicative of eruption 
in a sub-aerial environment. In the Northern Clyde Plateau there is abundant evidence for the 
existence of eruptive centres with lava flows cut by agglomerate filled vents and small 
cylindrical plugs often displaying marked columnar jointing. Heavy brecciation and 
metasomatism are often associated with these features. For example, Meikle Bin within the ^
Campsie Fells consists of trachytic agglomerate which has undergone extensive metasomatism 
by CO2 enriched fluids (MacDonald, 1973). Combined geophysical and field evidence (Craig,
1980) suggests that a large caldera, underlain by an intrusive complex was centred upon this 
area.
1.4 Field relationships
Evans (1987) identified several key localities where metadomain activity had occuiTed 
at widely spaced points across the Clyde Lavas. These localities have acted as the basis of 
this investigation and are shown on Figure 1.1 together witli grid references (The reader is 
referred to O.S. Landranger 1: 50 000 Series, Sheets 63 and 64). A total of five metadomain
5
localities were examined, of these special attention was given to two at Boyleston Quarry 
(within the Renfrew Hills) and High Craigton Quairy (within the Kilpatrick Hills).
1.4.1 Bovleston Ouarrv
This locality lies within the Fereneze Hills, northwest of Baii'head and is reached by 
travelling along the B774 towards Paisley. It is renowned for providing museum quality 
specimens of both analcime and prehnite, native copper and rarely thomsonite which were 
first described in detail by Heddle (1897).
Within the quarry three lava flows are exposed, though only the uppermost part 
of the lowest flow is observed. The middle flow is seen in the main quarry face and is 
separated from the thinner uppermost flow by a thick (approximately 5 metre) wedge of 
reddish brown volcaniclastic sediment. Metadomain development occurs within the lowest and 
middle flows, and is generally most intense at the boundaiy between these two flows. The 
most recent description of the alteration phenomena is given by Hall et al. (1989) and the 
reader is referred to Bluck (1973) for a detailed description of the alteration minerals. The 
relevant features of the alteration phenomena are given in Figure 1.2 and Plates 1.1, 1.2, 1.3 
and 1.4. However, within the context of this project the important consideration is depth , and 
by inference timing of metadomain alteration. Is metadomain development a near surface 
process occurring as the lava was erupted as advocated by Hall et al. (1989), or did 
development occur after considerable quantities of lava had been deposited above those flows 
now exposed at Boyleston?
Two pieces of evidence can be used to examine this problem:
1. The first comes from the relationship between the metadomains and the volcaniclastic 
wedge which overlies the main flow in the quarry. Plate 1.5 appears to show that the wedge 
is cross-cut by a sub-vertical metadomain at its eastern maigin as shown by a bleaching of 
the sediment, due to the development of alteration phases such as carbonate. It can also be 
seen that the uppermost flow within the quarry does not appear to be cross cut by this
hydrothermal fluids were forced to migrate laterally as the upper lava acted as an 
impermeable barrier to fluid transport. Furthermore, if metadomain activity was a near surface 
phenomena then disturbance of the individual beds by the ascending hydrothermal fluid within 
the wedge might be expected prior to consolidation of the sediment.
UPPER FLOW
VOLCANICLASTIC WEDGE
Highly porous and pemtcable  ^^
immature sediment
MAIN FLOW ( \ . . . .heavily blue-grey ^ /) ' ^ 8 “^  fragmenu
mechauicallycompetentbiil. / /  ^Gaprularedwhbumar^deuunared 
oflowin<ergranulaipenneabüiry '' ^   ^ veu, nemorlcs
\ l  ^
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'/
O b '
ANALCIME DOMINATED 
mamilliary prelinite followed lies followed « "O
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oxidised, rubbly 
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Figure 1.2. Cartoon illustrating salient features of metadomain alteration at Bovleston.
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It can be seen from Plate 1.5 that this is clearly not the case.
2. Where metadomain development occurs within the more competent middle flow a 
commonly observed feature is intense hydraulic fracturing of the host basalt. This feature is 
illustrated in Plate 1.3. Hydrothermal eruption products are reported from both extinct and 
active geothermal systems worldwide. A summary of the salient features of these phenomena 
is given by Nelson and Giles (1985). Within fossilised systems these authors report that
"eruption products are frequently eroded away" "one is likely instead to encounter steep-
walled eruption vents from which fragmented material is partially ejected". Also, they point 
out that these features "are commonly steep walled, inegular in shape and can be either sharp 
or gradational through several metres of dense rock". It can be seen from Plate 1.3 that the 
fragments of basalt within the veins observed at Boyleston are angular suggesting transport 
over short distances and that the vein network is matrix supported suggesting localised 
transport in a fluid medium.
Phillips (1972) and Norton (1984) point out that hydrofracturing of rock only occurs 
where fluid pressures exceed the sum of lithostatic confining pressure plus rock strength and 
therefore fracturing and brecciation can only occur in overpressured environments, that is, 
those in which the geothermal fluid pressure exceeds its hydrostatic boiling pressure. 
However, pressure measurements below currently active geotheimal systems (Nelson and 
Giles, 1985) indicate fluid pressures much less than lithostatic indicating that overpressured 
fluids only exist for very short periods of time. Sibson (1975) suggests that possible 
mechanisms for overpressuring include influxes of magmatic heat and/or volatiles into a 
localised region.
Clearly, hydraulic fracturing at Boyleston has been on a reduced scale relative to 
documented examples. The transition from hydraulic fracturing to hydrothermal eruption is 
largely a function of the available energy within the geothermal system.
Based on the scenario for metadomain development at Boyleston forwarded by Hall 
et al. (1989) it might be expected that the degree and intensity of hydrofracturing would be 
gieater because under small lithostatic pressures hydrothermal fluids would be able to break
through to the surface perhaps producing eruption deposits.
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Based on the two pieces of evidence discussed above it is proposed that metadomain 
development at Boyleston did not occur immediately after the main lava was erupted as 
implied by Hall et al. (1989). It is more likely that development occurred after lithostatic 
pressures were sufficiently large enough to prevent development of hydrothemnal eruption 
products. Figure 1.3 presents a possible mechanism for metadomain development involving 
the metadomains acting as feeders to geothermal activity at higher levels within the lavas.
1.4.2 High Craigton Ouarrv
This quarry is located on the eastern flank of the Kilpatrick Hills approximately two 
kilometres north of Milngavnie along the A 809. Locally, the geology within the quarry is 
complex as it is located within macro-porphyritic olivine basalts of Mai'kle Type (MacGregor, 5
1928) which are intruded by a plug of extremely resistant Dunsapie basalt located along the 
northern margin of the main quarry face (Appendix 2.1). Unfortunately quarrying has removed 
the contact between the two basalt types. Lying adjacent to the plug, but overlying the Markle 
basalt along the western margin of the quarry face is a large lahar deposit, the contact 
between the plug and lahar being faulted. The lahar is both matrix and clast supported, 
texturally immature and contains sub-rounded clasts up to several metres across. This contact t
is shown in Plate 1.6 whilst part of the plug is shown in Plate 1.7. The whole sequence is I
then overlain be a sequence of lava flows consisting of Markle Type which can then be traced 
westwards across the Kilpatiick Hills.
Alteration is manifest in a variety of forms, the most common alteration phases being 
clear or cloudy calcite, or massive white or pink analcime (prehnite is absent). It has occurred 
at the faulted contact between the plug and adjacent lahar*, and also at flow boundaries within 
Markle basalts overlying the present level of the quarry. Within plug basalt immediately 
below the fault there is minor hydrofracturing of the host lithology on a much smaller scale 
than that seen at Boyleston. Again, basalt fragments are angular (see Plate 1.8) suggesting 
transport over small distances. Within the matrix of the lahar alteration is quite different as
Plate 1.6 Northwest face of quarry at High Craigton. Metadomain development occurs 
primarily within the lahar (centre) where the matrix is extensively altered and mechanically 
unsound. The lahar is separated from the plug basalt (far right) by a fault (marked) dipping 
approximately 60 “ to the south. Also, the lavas above the lahar can be seen (upper 
midground). The total length of this section is approximately 100 metres.

Plate 1.7. Plug basalt at High Craigton Quarry. The plug basalt lying adjacent to the lahar is 
readily identifiable because it is often extremely resistant, forming promontories and often 
displays spectacular columnar jointing as shown in this plate. This particular example can be 
found at the northern margin of the quarry.
Plate 1,8. Hydraulic fracturing of plug basalt adjacent to fault at High Craigton, As with 
examples at Boyleston Quarry the basalt fragments within the vein network are angular 
indicating transport within a fluid medium over short distances. Also, note the change from 
matrix to clast supported conditions across the vein indicating settling of fragments after 
initial transport. In this case the vein mineral is analcime which consists of individual crystals 
forming a large interlocking mass.
i
Plate 1.9. Metadomain development within lahar. In this case it can be seen that alteration of 
the lahar has been much more pervasive owing to the highly permeable nature of the matrix. 
It is accompanied by a complete loss of mechanical integrity together with deposition of large 
amounts of carbonate rich material within pore spaces.
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alteration fluids have clearly permeated the whole deposit with development of small calcite 
grains within pore spaces (see Plate 1.9). Also, within vesicular clasts there is precipitation 
of calcite. Towards the fault there is a complete loss of mechanical integrity within the lahar. 
Alteration minerals can also be found between flows above the quarry where they are 
deposited within amygdales and cavities. It appears that permeability contrasts have played 
an important part in the development of the metadomain at High Craigton as the fault 
between the plug basalt and lahar has acted as a focus for fluid tiansport. Once this had 
occun'ed, fluid was then able to pemneate the lahar owing to the highly porous and permeable 
nature of its matiix. Periodic increases in fluid pressure would have resulted in the 
development of small hydi'ofractured vein networks within the basalt immediately below the 
fault.
1.4.3 Other localities
Metadomains at Langbank Cutting and Campsie Glen aie similar in that they aie 
laterally confined, developing along flow boundaries which provided high permeability 
pathways through the lavas. Both aie often accompanied by a loss of mechanical strength 
manifest either as complete degiadation of the groundmass material or restricted hydraulic 
fracturing of basalt. Bleaching of the host litliology is common at both localities. Massive 
white, or occasionally pink analcime followed by calcite is the dominant alteration mineralogy 
occuning within veins, amygdales and cavities. Prehnite is only found in minor quantities.
1. Langbank Cutting
This locality is found along an east-west trending road-cut paiallel to the A8, several 
kilometres to the east of Poit Glasgow. Metadomain development occurs within Mai'kle basalt 
(see Chapter 2) at the boundary between two thick (>15 metres) lava flows. This boundary 
dips at approximately 20° to the west and is distinctive in that the upper margin of the lower 
flow is typically reddened suggesting a period of weathering prior to eruption of the upper 
flow. Also, the volume percent of amygdales within this flow reaches up to 50 % within 1
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metre of its upper margin. These amygdales aie often infilled by both analcime and calcite 
with minor amounts of pale green prehnite. Away from the upper boundary of the lower flow 
the volume percent of plagioclase phenocrysts increases. These aie frequently altered and 
friable. In places the basalt is highly friable within the immediate vicinity of the flow 
boundary.
At either end of the cutting, thick (approximately 5 meti*e), NE-SW tiending basic 
dykes are found crosscutting both lava flows. Jointing is well developed within these dykes 
and there is no evidence of there having been affected by the fluids which were responsible 
for metadomain development. If these dykes were Dinantian in age and supplied lavas 
stratigraphically above those seen at Langbank the inference is that metadomain activity was 
occurring concuirently with basalt eruption. Therefore, it is tentatively suggested that 
metadomain activity occurred before burial metamorphism of the lavas, relatively early in the 
post-eruptive history of the lavas contiaiy to the view expressed by Evans (1987). However, 
these dykes may be of Westphalian or Stephanian age and related to the swarm of dykes 
emplaced along NE-SW fractures which developed across tlie Midland Vallley during this 
time.
2. Campsie Glen
This locality is mentioned in Bluck (1973) and is found in a small abandoned quarry 
which overlooks the B 822, approximately 200 metres south west of Jamie Wright’s Well (see 
Appendix 3.2). The metadomain is found at the eastern end of the quarry and is located at 
the margin between two flow units as shown in Figure 1.4.
Bluck (1973) suggests that the two flow units may represent overlapping 
tongues of the same flow. This flow is the eighteenth in the succession exposed at Campsie 
Glen and is distinctive in that it contains unusually large phenocrysts, many of which exceed 
2 cm in length. Also, along the boundary between the two flow units the lava is vesicular. 
Alteration of feldspars is a commonly observed feature, many being friable and creamy 
yellow in colour. Within the metadomain, which is approximately 1 metre wide, the basalt 
also takes on a creamy colour and is characterised by a complete loss of mechanical integrity.
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MacDonald (1973) notes similar alteration phenomena within the immediate area and suggests 
that this is due to "intense carbon dioxide metasomatism" within the lavas. Analcime is not 
seen at this locality and calcite occurrence within veins and amygdales is relatively restricted.
upper flow uniteastern face of quarry mciadomain development 
K at flow boundary
lower flow unit
'contact between flow units
sample PI
10 metres
Figure 1.4 Sketch section of metadomain localitv at Campsie Glen
1.4.4 Mugdock Ouarrv
This is a large abandoned quarry found to the north of Mugdock Village (559 769) 
located approximately three kilometres south of the Campsie Fells within the quartz-calcite 
zone of Evans (1987). Within the quarry the basalt is macroporphyritic, containing plagioclase 
phenocrysts (Mai'kle Type) and altered olivine. In certain areas vesicles and fissures within 
the lavas are infilled by polycrystalline quartz and sparry calcite, though the two are never 
found juxtaposed. It is assumed that these minerals have developed during burial 
metamorphism of the lavas and the purpose of studying this locality is to provide a contrast
13
with those minerals present within the metadomains. This is expanded upon in Chapter 5. 
1.5 Conclusions
1. Development of metadomains or alteration zones would have proceeded wherever 
permeability contrasts existed within the host lavas and were subsequently exploited by 
circulating geothermal fluids. A variety of geothermal phenomena appeal’ to provide possible 
pathways for fluid migration including vesicular and rubbly boles, flow boundaries, 
lithological contrasts and fault zones.
2. Alteration is manifest in a variety of forms which aie a function of tlie permeability 
structure of the material tlirough which the fluid is transported. For example, basalt flows with 
low intergranular permeability appear to have been susceptible to hydraulic fracturing and 
veining whilst such features are not seen in lithologies of higher permeability such as 
volcaniclastic deposits or lahars. In these deposits alteration is often of a more pervasive 
nature.
3. Loss of mechanical strength accompanied by colour changes within the rock matiix often 
delimit the extent of metadomains. Boundaries between host rock and metadomains are 
frequently shai'p and steep, most metadomains being sub-veitical and laterally confined. 
Characteristic alteration minerals include analcime, prehnite and calcite.
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CHAPTER 2 PETROGRAPHY
2.1 Introduction
Detailed petrogi*aphic examination of samples from metadomains has been carried out 
in order to address the following:
1. To what extent aie relic igneous assemblages affected by the hydrothermal fluid? This may 
indicate whether these minerals acted as "sources" or "sinks" for dissolved species within the 
hydrothermal fluid.
2. To establish tlie metadomain assemblages from a range of localities.
3. To compare metadomain assemblages with those found within modern geothermal systems. 
This can then be used to give a general indication of the nature of the fluid phase which was 
present during metadomain activity.
In order to establish any relationship between hydi'othermal paragenesis and host rock 
composition it is necessary to provide a classification scheme for differing basalt types. The 
classification used in this study is that used by MacGregor (1928) which was originally 
defined for basic igneous rocks of Carboniferous and Permian age from the Midland Valley 
of Scotland. This scheme is presented below in Table 2.1.
BASALT TYPE
MacGregor (1928)
PHENOCRYSTS CHEMICAL
CLASSIFICATION
McDonald (1977)
Macroporphyritic
(phenocrysts >2mm)
MARKLE plag+/-ol+/-opx+/-Fe
oxide
plag+/-ol+/-Fe oxides-phyiic 
basalts, basaltic hawaiites or 
hawaiites.
DUNSAPIE plag+/-ol+/-opx+/-Fe
oxide
ol-cpx-plag oxides-pbyric basaltic 
hawaiites or ol-cpx-plag-phyric 
basalts.
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PHENOCRYSTS CHEMICAL
CLASSIFICATION
McDonald (1977)
Macroporphyritic
(phenocrysts >2mm)
CRAIGLOCKHART ol+opx Ankaramite
Microporphyritic
(phenocrysts <2mm)
JEDBURGH plag+/-ol, Fe-Ti oxide pIag+/-ol+/-Fe oxides phyric 
(basaltic) hawaiites (occasionally 
basalt).
DALMENY ol+/-cpx, plag ol+/-cpx phyi ic basalt.
HILLHOUSE ol+opx ol+/-cpx-phyi1c basalt (rarely 
basanite).
Table 2.1 Classification of basic igneous rocks 
from the Midland Valiev of Scotland (MacGregor, 1928)
2.2 Petrography
This section describes the general pétrographie features of both primaiy igneous phases 
and secondary hydi’othermal phases, together with associated alteration phenomena, which 
characterise the metadomain basalts. Approximately 75 thin sections were used as part of this 
study and were collected both within and outside the metadomains. Details are given in 
Appendix 2.1.
2.2.1 Primarv igneous features
1.Plagioclase Feldspar
This is quantitatively the most important igneous phase forming up to 70 % of some 
sections by volume. It is present in all samples, occasionally as phenocrysts and always as 
gi’oundmass microlites which frequently show flow alignment. Occasionally
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glomeroporphyritic textures are obsei’ved, with preservation of primary igneous zoning 
features. Routine compositional determinations of feldspar phenocrysts from metadomains, 
using both optical and microprobe techniques indicates compositions ranging from 
approximately An^ .^  ^ (albite to andesine). MacDonald et al. (1977) indicate that plagioclase 
phenocryst composition ranges from An4o_6o within "fresh lava" from the Campsie Fells. This 
implies that metadomain alteration has involved a degree of albitisation of primary feldspar. 
This is further supported by refractive index determination upon groundmass plagioclase 
microlites from samples both within and outside of metadomains which are extensively 
albitised. Detrital feldspars (both phenocrysts and microlites) found within volcaniclastic 
sediment at Boyleston Quairy collected from outside the range of influence of the 
metadomain also display this type of alteration. This has important consequences regarding 
the timing of this widespread hydrothermal event since it implies that alteration occurred soon 
after initial eruption of the lavas.
The degiee of alteration exhibited by plagioclase phenocrysts is highly variable, both 
within individual localities and thin sections. Alteration is manifest in a variety of forms, but 
most common is the partial or total replacement of original grains by phyllosilicates or 
carbonate. Within such grains the phyllosilicate commonly appears dull brown or green and 
the host grain takes on a cloudy appearance. It is commonly obseiTcd that phyllosilicates 
within feldspars cross cut ai’eas of albitisation together with fine grained cai'bonate suggesting 
that they developed after albitisation. XRD analysis (Chapter 3) shows that there is a range 
in phyllosilicate compositions within the lavas, the dominant species being mixed layer 
chlorite-smectite. Development of phyllosilicates along cracks within individual grains is also 
a common feature, even within less altered samples. Grain margins are often highly iiregular 
and indurated suggesting partial dissolution of the feldspar by the invading hydrothermal fluid 
(see Plate 2.1). This effect is most apparent within groundmass microlites together with 
disappearance of twin planes again suggesting widespread alteration.
A range of alteration products can be seen within individual localities. Generally, at 
localities north of the Clyde, replacement of feldspar by carbonate is common whilst to the
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south albite, phyllosilicates and analcime dominate. For example, at Langbank Cutting, 
analcime development within feldspai* is most sticking (this is discussed in a later section), 
whilst at Campsie Glen and the suiTounding region there is widespread replacement and 
pseudomorphing of feldspar phenocrysts by fine giained cai’bonate.
2. Augite
This is a rare phase within metadomain basalts and occurs both as euhedral 
phenocrysts and groundmass clots. It is also found as a detrital phase within volcaniclastic 
sediment. Slight pleochroism in light brown to buff colours suggests a titanaugite 
composition, which is a characteristic of the alkali-olivine basalts of the Clyde Lavas 
(MacDonald, 1977).
The occurrence of this phase is remaikable since it appears to have undergone very 
little decomposition. This is the case both within basalts showing varying degrees of alteration 
and also within highly permeable volcaniclastic sediment at Boyleston Quairy where it is 
found as large detiital grains and also as subhedral phenocrysts within highly altered basaltic 
clasts. There is little evidence of textural reworking of augite grains within the volcaniclastic 
horizon at Boyleston, suggesting a local derivation. Plate 2.4 illustrates the occuirence of 
fresh detrital grains within volcaniclastic sediment at Boyleston.
3. Olivine
Olivine is a rare phase and occurs as pseudomoiphed subhedral phenocysts within the 
lavas. Alteration of this phase is ubiquitous with partial or total pseudomorphing of the 
individual grain, the common alteration products being a complex mixture of clay minerals 
and opaque oxides. The phyllosilicate phase is commonly pale to dark green within such 
grains (see Plate 2.2). Textural interrelationships between the various alteration products are 
often highly complex suggesting a protracted history of replacement interspersed with periods 
of dissolution of the alteration mineralogy. It is common to obsei’ve red-brown opaques 
concentrated around grain margins and cracks.
4. Palagonite
The former presence of glass is infened from the existence of near isotropic dark
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yellow to brown coloured palagonite. This is frequently associated with vesiculai’ basalt, such 
as that found at Langbank Cutting. Within the palagonite it is possible to identify small 
plagioclase phenocrysts. Also it is found that opaque oxides aie concentrated around the 
margins of the palagonite mass. Staudigel and Hart (1983) indicate that titanium in glass is 
retained within residual Fe-Ti oxides, or as alteration intensity increases within sphene. Both 
are observed to varying extents within palagonite from metadomains and indicate varying 
degrees of alteration. However, there is no systematic variation in the proportion of these two 
phases within metadomains though sphene is only found where there is a high density of 
opaques. Cann (1983) indicates that basaltic glass is transformed into a range of phases during 
palagonization including mixed layer chloiite-smectite and analcime, the former being more 
common in this study.
2.2.2 Alteration phases
The char acteristic occurrence and textures of the main alteration minerals is presented 
below. In the following section their occuixence is compared with other geothermal systems 
and their interelationships are then discussed more fully.
l.Phvllosilicates
Fine grained phyllosilicates are ubiquitous throughout the Clyde Lavas and 
quantitatively constitute a major alteration product, both within and outside the metadomains. 
They are found pseudomoiphing and replacing igneous phases, particularly plagioclase and 
to a lesser extent olivine (see Plate 2.2). They are also found within replacing groundmass, 
microveins and fractures and infill both pore spaces and vesicles where they commonly 
exhibit concentric zoning of dark (fine) and light (coarse) bands.When they are found in 
vesicles associated witJi other alteration phases (eg.calcite) they always are found around tire 
margins indicating an early formation. Colours range from colourless to greenish brown. XRD 
analysis (see Chapter 3) indicates that randomly interlayered chlorite-smectite is ubiquitous 
both within and outside metadomains whilst discrete phases such as chlorite are restricted to
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metadomains.
2. Calcite
This is a common alteration mineral found throughout the lavas, both within 
and outside metadomains. It is found as a partial replacement of primary plagioclase together 
with secondary phyllosilicates as shown in Plate 2.1, and occasionally as irregular grains 
within the groundmass of some samples. It is most commonly seen within veins, fractures and 
amygdales within the metadomains where grains are often interlocked, frequently euhedral and 
are occasionally centimetre sized as seen in Plate 2.3. In all circumstances the calcite is 
colourless and XRD analysis shows that there is no dolomitic component.
When calcite is found within the vein or amygdale environment it is always 
paragenetically late. It can be seen overgiowing other amygdale minerals such as analcime 
and prehnite (Plates 2.5 and 2.7). Also, it is seen overgi’owing zeolite minerals within 
metadomains as seen in Plate 2.9.
Cathodoluminescence shows that calcites collected across the lavas show a dull orange 
luminescence indicating the presence of Mn^ .^ However, there is no zonation or variation in 
luminescence within individual veins, or samples suggesting that fluid conditions were 
relatively constant during calcite formation.
3. Analcime
This is a common alteration phase within metadomains though is rarely seen outside. 
It is occasionally seen as a partial replacement mineral of feldspar and glass, though more 
commonly as discrete clear crystals showing weak birefringence within veins and amygdales. 
Occasionally, lamellar twining is obseiwed. Within such environments it is often massive or 
forms interlocking idiomoiphic crystals as shown in Plate 2.5. Paragenetically it is always 
earlier formed than vein / amygdale calcite but appears to be coeval with calcite which 
replaces feldspar phenociysts. It is veiy rai’ely seen in direct association with prehnite. Plate 
2.10 shows one exception to this rule where it appears that analcime is overgrown by 
prehnite.
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4. Prehnite
.fThis phase occurs only within metadomains where it can form spectacular radiating s
aggregates as shown in Plates 2.5 and 2.6. In thin section prehnite is characterised by I
spectacular radiating overgrowths within veins and amygdales and displays second order 
interference colours though it is normally colourless or pale yellow in ordinary light. It is :
always paragenetically earlier than calcite which can be seen growing on some samples as
Ishown in Plate 2.7. %
Prehnite and analcime are always the dominant vein / amygdale minerals within 
metadomains. However, within any one locality they are rarely seen in association with one If
another i.e. co-precipitated within the same vein. At Boyleston Quarry it is found that prehnite i
occurs mainly within interconnected amygdales and veins whilst analcime is commonly found 
within closed pore spaces and isolated veins. The transition from prehnite to analcime (
dominated conditions can often occur over distances of tens of centimeties in the field (see 
Chapter 1). Also it is noted that prehnite is restricted to the oxidised flow top of the lower 
flow at this locality as described in Chapter 1.
5. Opaque oxides
These consist of eitlier opaque Fe-Ti oxides as confirmed by probe analysis or as dull 
red hematite which it is believed is a residual product of intense sub-aerial weathering. As f
previously mentioned these phases are commonly found as a residual alteration product of 
palagonite their presence indicating intense alteration (Staudigel and Hart, 1983).
Within the metadomains, opaque Fe-Ti oxides frequently appear as small irregular to f
sub-regular blades which are thought to be pseudomorphs of olivine as shown in Plate 2.8.
Alternatively they appear as small, interstitial irregular masses forming a large proportion of 
the groundmass. They are often a patchy red-brown colour and may be associated with 
phyllosilicate. There is often concentration of opaques around the margins of amygdales and 
pore spaces.
6. Natrolite-Thomsonite
These undersaturated zeolites are relatively rare and restricted to veins and amygdales
Plate 2.1. Altered plagioclase phenocryst. In this case there is almost total replacement by 
carbonate which is also seen within a vein lined by phyllosilicate to the extreme left. Also, 
note replacement along fractures and grain margins by fine grained phyllosilicates (brown to 
pale geen) together with induration of phenocryst margins suggesting invasion of 
hydrothermal fluid. There is also widespread replacement of groundmass material by 
phyllosilicates (especially feldspar microlites) and carbonate.
Sample No, AP3. Contact between ovelapping flows in quarry at Jamie Wright*s Well, 
Campsie Glen,
Plate 2.2. Replacement of olivine by phyllosilicates within Craiglockhart basalt. In this case 
there is total replacement of olivine by pale brown phyllosilicate (mixed layer 
chlorite-smectite). Pale green phyllosilicates are seen within the groundmass suggesting that 
the composition of the pre-cursor phase exerts a degree of influence upon phyllosilcate 
composition. Also, there is total albitisation of feldspar microlites within this section. Note 
that there appears to be heterogeneity within phyllosilicates found within vessicles as shown 
by alternating dark and light bands.
Sample No, HC5, Base o f western face o f quarry, High Craigton,
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Plate 2.3. Hydrofractured calcite vein from metadomain. Here calcite forms an interlocking 
network within a large vein containing angular fragments of glassy basalt. It can be seen that 
this vein is matrix (calcite) supported suggesting transport in a fluidised medium. This vein 
sample was collected within a holocrystalline lava flow though the encapsulated basalt 
fragments are clearly glassy. This suggests that the vein forming fluid transported the basalt 
fragments over a distance of several metres.
Sample No. LB7. Langbank Cutting. Located at boundary between lava flows, towards 
western margin o f outcrop.
Plate 2.4. Volcaniclastic sediment from Boyleston Quarry. This sediment is both texturally 
and compositionally immature, possessing high porosity and permeability. Sub-angular, 
detrital, relatively unaltered pyroxenes are clearly visible within this sample and suggest a 
local derivation. Several hundred metres to the west of this locality there is abundant augite 
rich Dunsapie basalt. Also, note that the detrital basalt clasts are highly altered suggesting that 
the parental basalt had undergone extensive, widespread alteration prior to sediment 
formation. Also, note the presence of thin carbonate stringers around some grain margins. 
Sample No. BS. Block o f volcaniclastic sediment found towards northwest face o f Boyleston 
Quarry.

Plate 2.5. Spectacular prehnite. This sample is taken from Boyleston Quarry and shows typical 
radiating clusters within vein and amygdale networks. Most samples show maximum 
birefringence up to second order yellow. Also, many samples are faint yellow in ordinary 
light indicating Fe-rich compositions.
Sample No. B4. Taken from  oxidised lower flow  exposed in northeastern margin o f Boyleston 
Q uany (see Plate 1.4), approximately I metre below the contact with the middle flow .
Plate 2.6. Calcite after prehnite. A large prehnite vein from Boyleston Quarry within which 
there has been later precipitation of calcite as shown by individual calcite grains crosscutting 
prehnite grain boundaries. Again note that prehnite forms radiating clusters and that calcite 
does not form at the expense of prehnite.
Sample No. B2. Taken from  the same locality as B4, though from  2 metres below contact with 
overlying middle flow .

Plate 2.7. Fe-Ti oxides. This section shows pseudomorphing of olivines by Fe-Ti oxides 
within Dunsapie basalt. Note that there is concentration of opaques around grain margins 
whilst there is extensive albitisation and replacement by carbonate of groundmass microlites. 
Sample No. AP2. Quarry in Flow No. 18, at contact between overlapping flows, Jamie 
Wright’s Well, Campsie Glen,
Plate 2.8 Thomsonite within amygdale. Thomsonite (a burial metamorphic index mineral, 
Evans, 1987) is overgrown by calcite within this amygdale. Thomsonite characteristically 
exhibits a radiating habit though displays lower birefringence than prehnite.
Sample No. C8. Boyleston Quarry. Collected approximately 3 metres above contact between 
lower and middle flow s in northeastern margin o f quarry (see Plate 1.4).
St)-
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within the metadomains. Typically they are colourless, show grey to pale yellow interference 
colours and are of very low relief. At Boyleston Quarry and Langbank Cutting they are seen 
growing as small tabular or sheath-like radiating aggregates. As with analcime and prehnite 
these zeolites are often overgrown by calcite as shown in Plate 2.9. However, Plate 2.12 
clearly indicate that they overgrow those phases which chaiacterise metadomain alteration.
The study of Evans (1987) indicates that thomsonite and natrolite are burial 
metamorphic index minerals within the Renfrewshire Block unlike prehnite and analcime 
which are clearly related to metadomain activity. Therefore, it appears that calcite 
precipitation continued throughout both the geothermal (as represented by metadomain 
development) and burial metamorphic history of the lavas.
7. Clinozoisite-Epidote
This series is present only in accessory amounts and occurs both within and outside 
of the metadomains. Clinozoisite is found mainly outside the metadomains where it is an 
interstitial phase, commonly with a lath shaped form. Typically it is colourless and shows 
weak grey to yellow interference colours. Epidote however is colourless to faint pale yellow, 
the colour being patchily distributed and it is more widespread within the metadomains. 
Colouring is generally attributed to a relatively high Fe^  ^content (Deer et al., 1965).
2.3 Variations within metadomains
Within individual metadomains there is often heterogeneity as evidenced by variations 
in the intensity of alteration, variations in alteration phase ratios, variations in vein 
characteristics etc. In general it is inherent primary volcanological features which exert a 
major influence in the extent of the alteration. Two examples of this heterogeneity are given 
below.
1. Langbank Cutting
Here metadomain development occurs at the boundary between two sub-horizontal lava
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flows as illustrated in Chapter 1. There is a general decrease in the intensity of alteration 
away from the flow boundary. Pétrographie observations reveal that heterogeneity is manifest 
in a variety of forms:
a) There is an overall decrease in the volume percent of amygdales away from the flow 
boundary. This ranges from up to 70% at the flow boundary to less than 5% 15 metres below 
the boundary. Also, maxirrium amygdale diameter decreases downwards from 2 mm to less 
than 0.5 mm over the same distance interval.
b) The volume percent of plagioclase phenocrysts increases from less than 5% to 50% 
downwards, away from the flow boundary.
c) There is a progressive decrease in the abundance of the three main phases which 
characterise metadomain alteration (analcite, calcite and prehnite in order of relative 
abundance) downwards, whilst the proportion of thomsonite increases.
d) There is a progressive decrease in pseudomorphing of plagioclase phenocrysts by analcime 
away from the flow boundary.
2. Boyleston Quarry
Metadomain development at this locality occurs across flow boundaries as shown in 
Chapter 1. In particular*, they are commonly obser*ved crosscutting the boundary between the 
lowest oxidised, weathered flow top and the overlying flow which forms the main section of 
the quarry face. In thin section it is clear that the volume percent of amygdales within the 
upper flow progressively decreases to less than 5% at a distance of 0.5 metres from the flow 
boundary. Within this zone analcime is the dominant alteration mineralogy occuning within 
closed amygdales. However, whilst analcime is still dominant above this zone it occurs 
predominantly within hydrofractured vein networks which ramify up to a vertical distance of 
approximately 10 metres and range in thickness from millimeties to tens of centimetres. 
Within this zone the bulk of the lava is much less altered, with only incipient alteration of 
groundmass feldspar microlites.
Within the lower lava, prehnite is the dominant alteration mineral where it fomris 
spectacular radiating clusters, both within veins and amygdales (see Plate 2.6). The transition
Plate 2.9. Calcite vein dissecting plagioclase phenocryst. This vein forms part of a 
hydrofractured network within a metadomain. Note that there has been extensive replacement 
of the feldspar by albite and carbonate prior to vein development.
Sample No. LB6. Langbank Cutting. This sample is collected from  the western margin o f  the 
metadomain outcrop at Langbank, within the upper lava flow.
Plate 2.10. Prehnite and analcime within amygdale. Within this section analcime (clear) is 
found around the margin of the amygdale whilst prehnite (displaying a range of second order 
interference colours) is found towards the centre. It appears that prehnite is overgrowing 
analcime within this sample. These two minerals are rarely found in contact with one another. 
Sample No. B5. Boyleston Quarry. This sample is taken approximately 0.2 metres below the 
contact between the lower and middle flow s at the northeastern margin o f the quarry (see 
Plate 1.4).
m
Plate 2.11. Thomsonite overgrowing analcime. In this section metadomain analcime (showing 
very low birefringence) forms a massive interlocking network within a large vein and is 
overgrown by tabular, radiating thomsonite (a burial metamorphic index mineral) needles. 
Sample No. LA2. Langbank Cutting. Located at the western margin o f the cutting, within the 
lower lava flow.
Plate 2.12.Thomsonite and calcite overgrowing analcime. In this section both thomsonite and 
calcite overgrow analcime. The margin between the single large calcite grain and the 
thomsonite bundle is highly irregular. It appears that calcite is paragenetically later as shown 
by disappearance of individual thomsonite needles under the calcite grain. This suggests that 
carbonate deposition has been occurring throughout the post-extrusive history of the lavas. 
Sample No. LA2. Langbank Cutting.
mmâ
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from prehnite to analcime dominated mineralogies occurs over a distance of 0.2 metres and 
is coincident with the boundary between lava flows.
2.4 Discussion
2.4.1 Vein textures and paragenetic sequence
A common characteristic of metadomain alteration is the development of intense 
hydrofractured veins as discussed in Chapter 1. Using the thin section evidence presented in 
Section 2.2 it is possible to establish a paragenetic sequence and to establish a temporal 
relationship between metadomain activity and burial metamorphism as illustrated in Figure 
2.1. Using this approach it is possible to recognise three distinct alteration episodes:
1. Early widespread alteration
This stage is characterised by the widespread alteration of groundmass material and 
the palagonisation of volcanic glass to varying degrees. It affected lava both within and 
outside metadomains. Studies of active ocean floor hydrothermal circulation (eg. Cann, 1983) 
shows that this process commences soon after basalt eruption. However, the presence of 
numerous boles and volcaniclastic horizons within the Clyde Lavas (such as those exposed 
at Boyleston Quarry) is indicative of a sub-areal eruptive environment and Francis (1983) 
indicates that full marine conditions did not exist within the Glasgow area until the close of 
Calciferous Sandstone times. Also, variable degrees of alteration are exhibited within the 
sections studied ranging from relatively fresh to totally altered. These observations suggest 
that meteoric water as opposed to seawater was largely responsible for producing this style 
of alteration. Minerals which characterise this style in the Clyde Lavas include (in order of 
abundance) mixed layer chlorite-smectite, analcime, calcite, albite and epidote-clinozoisite.
Samples which showed only this type of alteration were used to define the starting 
compositions of basalt prior to metadomain alteration. This is discussed fully in Chapter 4, 
which focuses upon chemical mobility associated with metadomain development.
Phyllosilicate development within matrix 
Saussuritisation of feldspar (Ab, An, Ct, Ps) 
Clinozoisite/epidote
Analcime veining 
—  Prehnite
TIME
EARLY WIDESREAD 
ALTERATION
METADOMAIN
DEVELOPMENT
Calcite
Thomsomite BURIAL 
/Natrolite METAMORPHISM
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Figure 2.2 Paragenetic sequence as deduced from textural relationships within metadomain veins 
(Ab = albite, An = analcime, Ct = carbonate, Ps = phyllosilicate)
2. Metadomain alteration
This stage is characterised by the intense hydraulic fracturing and veining of basalt 
caused by the advection of hydrothermal fluids which exploited permeability contrasts within 
the basalt (see Chapter 1). The presence of fragments of basalt within hydrofractured veins 
which show the characteristic features of Stage 1 clearly indicates that this metadomain 
alteration occurred after early, widespread alteration. This feature is illustrated in Plate 2.3. 
Also, it is possible to observe carbonate rich veins which dissect plagioclase phenocrysts 
which have undergone earlier alteration as shown in Plate 2.10. Minerals which characterise 
this stage include (in order of abundance) analcime, calcite and prehnite. Also, there is a 
change in the nature of the phyllosilicate phase within the metadomains as shown by the 
development of chlorite from mixed-layer phases. This process is discussed in full in Chapter
3. It is suggested that both prehnite and analcime were formed before calcite as shown in 
Plates 2.5 and 2.7. The relationship between prehnite and analcime is less clear since the two 
are rarely found in contact with one another. Plate 2.11 shows prehnite occupying the centre 
of an amygdale which is lined by analcime. This suggests that prehnite was precipitated 
slightly later than analcime. However, closer examination of the contact between the two
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minerals clearly shows fragments of analcime which are in optical continuity with the main 
analcime mass and which appear* to grow upon prehnite suggesting the reverse situation to 
be true.
3.Burial metamorphism
For a detailed account of this phase in the post-ei*uptive evolution of the Clyde Lavas 
the reader is referred to Evans (1987). In the context of this discussion, thin section evidence 
presented in Plate 2.12, namely the growtli of index minerals which characterise burial 
metamorphism within the area (such as thomsonite) upon minerals which characterise 
metadomain alteration (analcime) indicates that burial metamoiphism followed metadomain 
alteration.
2.4.2 Equilibrium
Metadomains within the Clyde Lavas are chaiacterised by the assemblage 
phyllosilicate + calcite +/- analcime +/- prehnite +/- epidote-clinozoisite. These minerals 
described above are common in low giade basalt sequences worldwide. In order to provide 
information on tlie immediate physical and chemical environment within metadomains it is 
necessary to establish the extent to which mineralogical equilibrium has been achieved. This 
is because reaction rates are reduced due to relatively low temperatures and therefore 
equilibrium between the various phases is not always achieved. The scale over which 
equilibrium exists within low giade metabasites has been the subject of much debate. 
Nakajima et al. (1977) believe that equilibrium exists over the area of a single thin section 
whilst Kawachi (1975) argues that only minerals in direct contact can be assumed to have 
reached equilibrium. For the metadomain vein environment this would include only 
analcime-calcite and prehnite-calcite pairs. Liou et al. (1985) stiess that low vai'iance buffered 
assemblages are of significance when considering the question of equilibrium. What is clear 
from proceeding sections is that there is marked heterogeneity within individual metadomains 
which exists down to the thin section scale (evidenced for example by the varying degrees
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of feldspar alteration over a single section) suggesting buffering has not occurred to any 
significant extent. However, evidence in Chapter 3 indicates that phyllosilicates within the 
metadomains represent an overall evolutionary sequence as eaiiy formed material partially 
equilibrated as metadomain development proceeded. This suggests that the basalts have 
attempted to equilibrate with the alteration fluids.
2.4.3 Fluid temperatures
Kristmannsdotth* (1983), following a study of alteration products within drillcores 
taken from areas of geothermal activity in Iceland, notes the following:
1. Calcite is common at all depths up to a temperature of 270 ”C.
2. No correlation between prehnite occurrence and rock temperature was established. 
However, Henley and Ellis (1983) in a review of aluminosilicate paragenesis in geothermal 
systems note that prehnite is found only in systems where temperatures exceed 200 ®C. 
Bowers and Taylor (1987) following a study which models water-rock interaction predict that 
prehnite is present at temperatures between 200 and 250 ®C during seawater-basalt interaction.
3. Epidote group minerals occur sporadically between 200 to 260 ”C, though are relatively 
unimportant until temperatures exceed 260 ®C. However, Liou et al. (1985) showed that 
epidote with Xp^  less than 0.3 (ie. iron rich) was stable at temperatures less than 
approximately 160 °C within the model basaltic system.
4. Zeolites are common at below 100"C and are replaced by laumontite above this 
temperature. Within olivine tholeiites thomsonite and mesolite-scolecite predominate over 
mordenite, heulandite and stilbite.
Campbell and Fyfe (1965) and Thompson (1971) demonstrate that the formation of 
analcime via the reaction
albite + water = analcime + quai'tz 
is independent of pressure at Ph2o less than 2kb: the reaction temperature is constant at 180 
to 190 °C. lijiama (1978) also showed that Na^ concentration in the hydrothermal fluid also
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controls the albite to analcime reaction temperature such that at Na concentrations of 
approximately 10^  ppm (corresponding to weakly alkaline geothermal waters) reaction 
temperature is decreased by approximately 20 °C.
Therefore, it is suggested that temperatures within the metadomain fluids based on 
observed mineral assemblages ranged from approximately 150 to 250 °C, The lack of either 
actmolite or epidote-andradite assemblages indicates that temperatures within the metadomains 
never exceeded 300 (Ellis, 1983). Furthermore, the lack of pumpellyite-laumontite bearing 
assemblages suggests temperatures never exceeded approximately 230 ”C based on the data 
of Liou et al. (1985). This would place metamorphism intermediate between the zeolite and 
prehnite-pumpellyite /  prehnite-actinolite facies as defined by Liou et al. (1985). The presence 
of natrolite-thomsonite growing upon characteristic metadomain minerals (such as calcite) 
suggests fluid temperatures had decreased significantly during burial metamoi*phism.
2.4.4 Fluid chemistrv
The pei*vasive nature of the alteration as evidenced by the widespread alteration of 
gi’oundmass plagioclase suggests that water /  rock ratios were relatively high and therefore 
fluid chemistry will have exerted an important contiol on secondary mineral paragenesis. 
Spooner and Fyfe (1973) suggest that the circulation of large volumes of water of surface 
origin through basalts implies a coixespondingly laige oxygen flux. Relic igneous Fe-Ti 
oxides are present within most sections but /  O2 is not likely to have been controlled by 
magnetite-hematite buffering since water flow rates were high (see Chapter 1) and reaction 
rates were low because of low fluid temperatures. The lack of any secondary sulphides and 
sulphates within the metadomains also suggests high flu id /O 2. Also, the presence of native 
copper as stringers within metadomains at Boyleston Quarry (Hall et al., 1989) can be used 
to estimate Eh using the data of Pollard et al. (1990) who, following a study of basic copper 
chlorides, suggest native copper is stable at Eh ranging from 0 to 0.22 volts (mildly oxidising) 
and pH less than 8.
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The presence of abundant secondary Ca-alunainosilicates minerals within veins 
(prehnite, calcite and minor clinozoisite-epidote) testifies to the mobility of the cations (Ca, 
A1 and to a lesser extent Fe) within the hydrothermal fluid. Also, Thompson (1971) points 
out that the composition of prehnite (ideally Ca2Al2Si3 0 io(OH)2) requires there to be an excess 
of Ca within the fluid phase. Many experimental studies, such as that by Mottl (1983) 
confirms the transfer of Ca to the fluid phase during basalt-water interaction. Furthermore, 
the dominance of Ca bearing zeolites over Na and K bearing zeolites within the later burial 
metamorphic zones defined by Evans (1987) suggests the broad-scale transport of Ca 
enriched fluids during this period.
Calcite is a ubiquitous alteration phase throughout the metadomains and is a 
paragenetically late metadomain mineral. Within hydrothermal fluids the solubility of calcite 
increases with decreasing temperature and decreases with decreasing pressure (Zheng, 1990). 
Therefore, calcite cannot be deposited from the fluid by simple cooling under closed system 
conditions. If a fluid cools adiabatically (i.e. boils) carbonate is likely to precipitate because 
CO2 is partitioned into the vapour phase which affects the following equilibrium;
CaCOj + CO2 + H2O = Ca^ + + 2HC0/.
However, fluid inclusion evidence presented in Chapter 5 suggests that fluid boiling was not 
a widely occurring process during metadomain activity though calcite is ubiquitous throughout 
the metadomains. Cooling which tends to move a solution towards a state of calcite 
undersaturation is generally offset by paititioning of CO2 into the vapour (Fournier, 1985). 
Therefore, it is more likely that CO2 was lost gradually from fluids which were open to the 
surface but were not at a temperature high enough to cause boiling.
Giggenbach (1981) suggests that CO2 concentrations within geothermal fluids are 
conti olled by reactions of the type
plagioclase + CO2 = phyllosilicate + calcite 
An estimate of CO2 concentration within the fluid comes from Browne and Ellis (1971) 
following a study of fluid chemistry and alteration mineralogy at the Ohaki-Broadlands area 
of New Zealand. They suggest tliat for systems such as the Clyde Lava metadomains where
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zoisite and wairakite (the Ca analogue of analcime) are absent that CO2 concentiations are 
approximately 1.0 mol/kg geothermal fluid. It is noted that the abundance of Ca bearing 
aluminosilicates within metadomains is much greater than paiagenetically later calcite 
suggesting that aCa in the hydrothermal fluid decreased as the metadomains evolved.
The coexistence of calcite and Ca-aluminosilicates within hydrotheiTnal systems has 
been the topic of debate (eg. Thompson, 1971) because in the presence of CO2 reactions of 
the following type can occur
prehnite + silica + COg + H2O = laumontite + calcite.
However, within the Clyde Lava metadomains calcite is never seen replacing eaiiier formed 
phases. Also, eailier fonned metadomain minerals such as prehnite or analcime aie raiely seen 
in a state of decomposition. This suggests that these phases had became metastable with 
respect to the fluids which were present during calcite formation, possibly because of an 
overall reduction in fluid temperatures as the lava pile cooled via groundwater convection.
2.5 Conclusions
Peti'ographic examination has identified tliree separate hydrothermal events within the 
Clyde Lavas:
a) Stage 1: Earlv widespread alteration
This stage involved the widespread alteration of the lavas soon after emption and involved 
replacement of primaiy igneous phases to varying degiees (notably plagioclase feldspar) with 
mixed layer chlorite-smectite, analcime, calcite, albite, epidote-clinozoisite and concentration 
of residual Fe-Ti oxides.
b) Stage 2 : Metadomain alteration
This stage is chaiacterised by the development of metadomains in veiy localised regions of 
high permeability such as faults, lithological contrasts and flow boundaiies. This phase is 
often accompanied by intense veining and hydrobrecciation of the host basalt. Minerals 
which characterise this stage include analcime, calcite and prehnite. Also, there is a change
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in the nature of the phyllosilicate phase accompanying this stage which is discussed fully in 
Chapter 3. Within individual metadomains there is often maiked heterogeneity in the intensity 
of the alteration.
c) Stage 3 : Burial metamorphism
This stage is characterised by the development of a range of zeolites (occasionally seen 
growing upon metadomain minerals) as discussed by Evans (1987).
Comparison of alteration minerals developed within the Clyde Lava metadomains with 
those reported in other geothermal areas suggest fluid temperatures vaiied between 150 to 
250°C. The presence of abundant secondaiy Ca-aluminosilicsates within veins (prehnite, 
calcite and minor clinozoisite-epidote) indicates mobility of Ca,Si,Al and Fe within the 
hydrothermal fluid.
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CHAPTER 3 PHYLLOSILICATE PARAGENESIS
3.1 Introduction
The widespread alteration of oceanic basalts by seawater obsei*ved in ocean floor 
basalts and hydrothermal alteration affecting present day continental geothei*mal areas can be 
likened to the situation within the Clyde Lavas. In each case pervasive fluid advection results 
in the formation of a series of secondary mineralogies and metadomain phyllosilicates derived 
from igneous precursors.
Phyllosilicates aie ubiquitous throughout the Clyde Lavas and quantitatively constitute 
a major alteration product, both within and outside the metadomains. They are found 
pseudomorphing and replacing igneous phases, within microviens and fractures, and infilling 
both pore spaces and vesicles where they commonly exhibit concentric zoning of daik (fine) 
and light (coarse) bands (see Chapter 2).
Phyllosilicates such as smectite, interlayered chlorite-smectite and chlorite are abundant 
in a variety of low grade and geothermal environments where metabasites aie present (eg. 
Bettison and Schiffman, 1988, Cann, 1979, Kristmannsdotth, 1979). These studies show that 
within such environments phyllosilicate mineralogy and composition has been closely 
correlated with measured temperatures and are also sensitive indicators of changes in other 
factors which influence alteration mineralogy such as permeability and fluid chemistry. As 
such, phyllosilicates provide an opportunity to establish and assess how conditions within and 
outside the metadomains may have varied during the alteration process, a topic which is 
centi’al to the aims of this project. Also, if differences exist then this may have consequences 
for the development of geothenual activity within the lavas. In order to address the above 
issues an approach which integrates both X-ray diffraction and microprobe analysis is 
adopted.
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3.2 Qualitative Identification of Phyllosilicates by X-Ray Diffraction Analysis
In order to establish the exact nature of the phyllosilicates present diffractograms were 
obtained for air dried, glycolated and heated samples. Details of sample preparation and 
treatments are given in Appendix 3.1. A summary of the main diffraction characteristics of 
the quantitatively important "pure" mineral species found within the lavas (chlorite, illite, 
kaolinite) is given below in Table 4.1.
Mineral
name
Layer
type
Characteristic 
reflections of 
air dried 
sample
Glycolation Heat
treatment 
to 500 “C
Chlorite 2:1 14 Â (001)* 
7 Â (002) 
4.7 Â (003) 
3.5 Â (004)
No effect 001 shifts to 
high angle side
Illite “ 2:1 10 Â (001) a-sym. 
on low angle side
No effect Sharpening of 
10 Â peak
Kaolinite
(ordered)
1:1 7.15 Â (001) shaip 
3.58 Â (002) sharp
No effect Collapse at 
550 °C
* the exact position and intensity of the various reflections varies as a function of the 
nature of the cations occupying octahedial and tetrahedral positions (Thorez, 1976).
** illite can be further classified on the basis of the characteristics of the 10 À peak upon 
glycolation. For example, expansion of the shoulder on the low angle side of this peak is 
characteristic of illite with montmorillonite behavour (I^). Conversely, contraction of this 
shoulder is a characteristic of illite with vermiculite behavour (ly). These varieties aie not to 
be confused with mixed layer clays discussed below (Thorez, 1976).
Table 4.1 Main characteristics of main reflections of "pure" phvllosilicate phases.
In addition to pure clay minerals interstratified or mixed layer species also occur 
within metabasites (eg.Bettison and Schiffman, 1988). These species are characterised by the 
combination and interstratification of two or more different mineral types. Within the Clyde 
lavas it is these which aie most frequently found throughout and include both regular and 
randomly interlayered chlorite-smectite and, less commonly, chlorite-vermiculite.
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X-Ray analysis also provides a way of differentiating between:
1. Regularly interstratified minerals; those composed of identical layers separated by two 
regularly alternating interlayer species.
2. Randomly interstratified minerals; those composed of identical or differing layers, separated 
by differing interlayers showing no repetition.
Kirsch (1974) notes that the relative intensities of the 14 Â and 7 Â reflections can 
be used to identify the nature of the interlayer species; thus I 7 Â > I 14 Â is indicative of 
chlorite alone; I 14-15 Â »  17 Â indicates interstratified chlorite-smectite and I 14-15 A > 
1 7 Â indicates interstratified chlorite-vermiculite (where I = intensity). The latter two species 
can be further distinguished in their response to glycol saturation.
3.2.1 Recognition of regular and randomlv interstratified minerals
1. Regularly interstratified species; stacking is perfectly ordered, the d-spacing of the mixed 
layer supeiiattice being expressed by;
^  (001) AB “  ^  (001) A +  d  (001) B
where AB = mixed layer species (eg. chlorite-montmorillonite)
" A = pure mineral species (eg. chlorite)
" B = pure mineral species (eg. montmorillonite).
Recognition of these species is based upon the fact that they possess an integral series 
of orders with a superlattice spacing at dÂ derived from the sum of the d-spacings of the 
component clays. Also, there is an integial series of sharp, well defined reflections possesing 
well defined d-spacings not corresponding to those of simple clay minerals. In the case of 
regularly interstratified minerals single mineral names are often given. For example, 
corrensite is the name assigned to regularly layered chlorite-smectite. The (001) superlattice 
spacing of any mixed layer species falls outside the detection range of the Phillips PW1049 
diffractometer. Therefore, identification is based largely on the behaviour of the 002 reflection 
at 14-15 Â.
2. Randomly interstratified species; as mentioned above regulaiiy stratified minerals show
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single reflections at chaiacteristic d-spacings owing to "fusion" of the two closest reflections 
from minerals A and B, the new reflection having an intermediate d-spacing. This 
phenomena is termed a point effect by Thorez (1976). Randomly stratified minerals do not 
show this effect.
In certain zones of the X-ray pattern, where the original reflections from A and B are 
located a new, ill defined reflection appears. Typically this new reflection, or diffraction 
plateau, will be large at its base and flat topped, its limits being set by the d-spacings of the 
component minerals.
3.3 Results of X-Ray Diffraction
Approximately 70 smears were analysed as part of this study, samples having been 
selected from a range of localities. The results of this study are tabulated fully in Appendix
3.2.
1. Chlorite. This phase is restricted in occurrence and is not found outside the metadomains. 
It is identified primarily by the 001 peak at 14.2 Â which occurs as a shoulder on the main 
002 mixed layer reflection as shown in Figure 3.2. This peak remains unaffected upon 
glycolation, though its intensity may change following heat tr eatment to 550 “ C.
2. Illite. This phase is rare and is restricted to some metadomain localities (eg. at Boyleston 
Quarry). Glycolation induces a very minor peak shift implying minor illite-smectite 
interlayering. In most cases however there is negligible collapse indicating a discrete illite 
phase. Sharpening of the 10 Â peak following heat treatment is seen, indicative of illite 
showing vermiculite behavour (Thorez, 1976). This is not to be confused with true mixed 
layer behaviour.
3. Kaolinite. This phase is rare and restricted to metadomains, being found only in Campsie 
Glen. It is characterised by two very strong reflections at 7 Â and 3.5 Â as shown in Figure 
3.1. These peaks remain unaffected following HCl treatment, though are destroyed upon 
heating to 550 ” C. The significance of this phase will be dealt with below.
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4. Interstratified chlorite-smectite. Both regular and irregulai* varieties have been identified in 
this study. With the exception of one locality (Langbank) inegular chlorite-smectite occurs 
throughout the lavas; regular chlorite-smectite occurs only within the metadomains. Both are 
absent where kaolinite is the dominant phyllosilicate.
Regular chlorite-smectite is characterised by an integral series of sharp, well defined 
reflections at 14.4 Â (002), 7.1 Â (003) and 4.7 Â (004). This is illustrated in Figure 3.2. 
Typically, the 002 reflection at 14.4 Â shows the strongest intensity and coiTesponds to a 
superlattice spacing of 28.8 Â. Hauff (1981) reports values between 28 and 30 Â for 
chlorite-smectite in the air dried state.
Glycolation induces an expansion of the (002) reflection to 15.2 Â, together with 
development of a shoulder on the high angle side. There is maiked collapse of tlie remaining 
reflections following this treatment. Heating to 550 °C leads to collapse, broadening and 
partial recorrecting to 13.5 Â of the (002) reflection together with the disappearance of all 
other reflections.
Irregular chlorite-smectite is characterised by a shong, though broad and ill defined 
(002) reflection at approximately 14 Â such as that reported by Wilson and Bain (1970). 
Glycolation leads to further broadening and collapse with the apex located at approximately
15.5 Â. A diffractogram for irregular chlorite-smectite is shown on Figure 3.2.
Liou et al. (1985) provide a means of distinguishing between chlorite and 
interstratified chlorite-smectite based on the X-ray diffraction characteristics of the basal 
spacings under dry conditions upon glycolation. Following glycolation of mixed-layer 
chlorite-smectites initially possessing d^ oo (dry) values of -  14-15 Â an expansion to 14-16 
Â occurs. This behaviour is not seen in chlorite. For this study, diy djoo chlorite-smectite 
values range from approximately 13.4-14.7 Â. These values increase to a maximum of 15.7 
Â following glycolation. The degiee of expansion obviously increases with tlie increase in 
expandable components. This is illustrated in Figure 3.3.
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5. Chlorite-vermiculite. This is a rare phase, regular and irregular varieties occurring 
sporadically within metadomains. Typically, this phase possesses a strong to medium (002) 
reflection at 14.4 Â with integral harmonics at 7.1 A (003) and 4.7 A (004), similar to those 
reported by Sarkisyan and Kotelnikov (1972) for the air dried state. Glycolation has little or 
no effect; heating to 550 °C induces sharpening of the 002 reflection, together with a shift to
13.5 A and loss of the remaining reflections.
3.4. Discussion
From the preceeding discussion, the following two points emerge:
1. Randomly interstratified chlorite-smectite is present throughout the lavas and also occurs 
within metadomains. A discrete smectite phase such as saponite, which was reported by Hall 
et.al. (1989) within these lavas, was not found.
2. Within metadomains there are a variety of phases, both mixed layer varieties and discrete 
phases are found. The former includes mixed layer chlorite-smectite and chlorite-vermiculite.
1t
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the latter includes chlorite, illite and occasionally kaolinite. These discrete phases are not 
seen outside the metadomains.
There now exists a wide body of data (Thompson, 1983) indicating that during the 
initial stages of basalt alteration, shortly after eruption, smectite is the dominant phyllosilicate 
phase. Alt et al. (1986) report successive stages of alteration within sea floor basalts to a 
depth of 400 metres in which a range of secondary mineralogies develop. Phyllosilicate 
phases which are found include both saponite (Mg rich smectite) and nontronite (Fe rich 
smectite). At depths greater than 500 metres there is sporadic chlorite. Alteration is attributed 4
to repeated interaction with seawater derived solutions which are progressively modified as 
interaction proceeds.
Modelling of basalt-seawater interaction by Bowers and Taylor (1987) indicated that 
both temperature and reaction path progress (a measure of the degree of interaction) are 
important controls on the alteration mineralogy. At temperatures well below 200 °C, in the 
early stages of interaction, abundant smectites (eg. saponite and nontronite) form. As both 
temperature and reaction progress increase, then chlorite develops. Typically, temperatures 
range from 200 to 250 ”C, whilst progiess, measured in terms of grams basalt dissolved in 
1 kg seawater, equals approximately 220g kg'\
Mottl (1983), in a review of experimental results of basalt-seawater interaction notes 
that a characteristic of the process is the complete removal of Mg^  ^from seawater solutions |
at temperatures of approximately 150 ®C. The net result of this process is the precipitation of 
Mg-smectites such as saponite. Cann (1979) and Thompson (1983) label basalts which 
undergo alteration at temperatures below approximately 100 °C as belonging to the 
Brownstone facies. Such basalts are characterised by the palagonitization of glass and partial 
replacement of igneous pre-cursors by smectites.
As alteration proceeds, then there is a fundamental change in the observed alteration 
mineralogy. Kristmannsdottir (1979) notes that for Icelandic basalts interlayering of smectite 
commences at approximately 200 °C, gradual transformation of chlorite occuring between 
200-240 ”C. Mixed-layer clays of chlorite and smectite are dominant within this temperature
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range. Bettison and Schiffman (1988) note that this tiansition within tlie Point Sal Ophiolites 
roughly parallels the transition from prehnite-pumpellyite to prehnite-actinolite facies defined 
by Liou et al. (1987) on the basis of calc-silicate mineral assemblages. However, Cann 
(1979) suggests that the top of the zeolite facies is marked by the disappearance of all mixed 
layer phases.
lijima (1978) noted the occurrence of a 14-15 Â mixed-layer phase, together with 
chlorite at temperatures as low as 100 ”C (at depths of 1 700-3 500 meties) within marine 
volcaniclastics in Japan. Furthermore, Viereck (1982) following a study of alteration minerals 
within a tuff-basalt sequence on Iceland, described the occunence of a Si-rich chlorite which 
was replaced by an Al-rich chlorite at temperatures significantly lower than 200 °C. When 
compared to basalt sequences these two studies indicate the importance of permeability on 
alteration mineralogy, supporting the evidence from experimental and modelling studies that 
reaction progress as well as temperature is also an important variable in determining obseved 
alteration mineralogy.
From the previous discussion it is now possible to consider the situation within the 
Clyde Lavas. It was eai'lier stated that mixed-layer clays are found throughout the lavas, both 
within and outside metadomains, whilst "pure" species occur only within. Furthermore, 
smectite, a product of early, low temperature alteration, documented in many studies, is 
absent. Therefore, it is unlikely that the phyllosilicate assemblages found within the Clyde 
Lavas were fonned immediately after emption of the lavas following interaction with cool 
surface waters. It is much more likely that they represent the products of a process of fluid- 
rock interaction which lead to the progressive transformation of an earlier smectite phase.
It is unlikely that the assemblages seen within the metadomains represent a very early 
metastable assemblage developed exclusively during burial. If this were the case the 
development of phyllosilicates with a uniform compositions might be expected both within 
and outside metasdomains owing to uniformity of fluid compositions during burial. This is 
not observed. Therefore, the inference is that metadomain development did not occur 
immediately following eruption but some time after, possibly contemporaneous with burial
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metamorphism; the presence of "pure" species representing the acme of a tr ansition through 
less ordered mixed-layer species ultimately leading to the formation of chlorite. Regular and 
random mixed-layer chlorite-smectites occur as intermediate products of the continuous 
transformation of smectite to chlorite. This change has been documented by several studies 
such as that by lijima and Matsumoto (1982) and Curtis et al. (1985) for phyllosilicates within 
the sedimentary environment undergoing deep burial diagenesis.
Given that fluid temperatures within metadomains (deduced from fluid inclusion 
studies; see Chapter 5) do not differ radically from those outside as concluded by Evans 
(1987) then it is suggested that temperature may assume secondaiy importance in controlling 
development of alteration phases. This issue is further addiessed in the following sections.
Kaolinite appears to have been tlie stable phyllosilicate phase within hydrothermal 
fluids present within the Campsie Glen metadomain. This suggests that the metadomain may 
represent a buried zone of acid alteration. Inflow of oxygenated water might oxidise any 
sulphide which was present leading to acidic conditions. However, there is abundant carbonate 
also present at this locality suggesting that low pH conditions did not exist. Alternatively, 
studies such as that by Browne and Ellis (1971) suggest that kaolinite is the stable 
phyllosilicate phase in situations where both Mg, Na and Ca concendations are low in the 
hydrothermal fluid, such as the Ohaki-Broadlands geothermal field.
3.5. Compositional Variations in Phyllosilicates
Having established both the mineralogy and distribution of the main phases it now 
becomes necessary to characterise compositional variations within the phyllosilicates using 
wavelength dispersive microprobe analysis.
Samples were selected from Campsie Glen (NS 616 803) which provided a 400 metre 
section through the lavas. Care was taken to collect from a range of lava types in order to 
assess what influence rock compositions might exert on phyllosilicate chemistry. In addition, 
samples were taken from a metadomain locality within this section to assess what influence
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metadomain fluids exerted on phyllosilicate chemistiy; cleaiiy X-ray diffraction analysis 
indicates that fundamental differences do exist.
Analyses were carried out using a JEOL JCXA-733 electron probe microanalyser. 
Approximately 100 analyses were performed on a total of 10 sections. Full experimental 
details together with results are given in Appendix 3.2.
There are several liinitations to the above technique. All iron is recorded as ferrous, 
though Cathelineau and Nieva (1985) report that numerous studies indicate that the trivalent 
iron content in chlorites is less that 5 % of the total iron content. More serious is the 
possibility that minerals such as hematite become attached to clay plates leading to valuations 
in Fe : Mg : A1 ratios as reported by Curtis et. al. (1984). Furthermore, because of the fine 
grained and porous nature of the phyllosilicates it is often difficult to direct the beam (<-1-2 
pm in diameter) onto the grain to be analysed leading to interaction with, and contamination 
with adjacent grains. Given these difficulties it has proved possible to analyse a sufficient 
number of grains allowing for certain patterns to emerge. These are discussed below.
3.6 Chemical composition of the phyllosilicates
3.6.1 General chai'acterisdcs
Phyllosilicate compositional data is expressed in Figure 3.4 and is given in terms of 
total iron against silicon following the classification of Hey (1954). Cationic values were 
calculated on the basis of 28 oxygens. The diagiam also shows a range in phyllosilicate 
compositions recorded from other low grade metabasites together with an independent set 
of data from the Clyde Lavas obtained by Evans (1987)
Clearly most interlayered phyllosilicates fall within the pycnochlorite and diabantite 
field, whilst chlorite plots within the ripidolite field. This of course does not imply that these 
names should be applied to the Clyde Lava mixed-layer phyllosilicates. Chlorites from a range 
of studies also plot within this field (see diagram for details), though tliey are generally
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depleted in iron relative to samples from the Clyde Lavas.
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Figure 3.4 Compositional variation in phvllosilicates expressed in terms of Fe vs. Si after 
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Furthermore, there is an overall weak negative correlation between silica and iron, chlorites 
tending to be enriched in the latter element. Velde (1977) has demonstrated that during 
co-formation of mixed-layer chlorite/smectite and chlorite that Mg is preferentially 
incorporated into the fonner phase whilst the reverse has shown to be true for Fe.
Mafic phyllosilicates from other low temperature, low pressure, hydrothermal 
environments document the transition from interlayer species to discrete chlorite as occurring 
within the range of 6.25-5.95 cations per 28 oxygens (eg. Bettison and Schiffman, 1988). 
Reference to Figure 3.4 indicates that the transition occurs at approximately 6.2 Si cations for 
the Clyde Lava phyllosilicates. Evans (1987) noted a trend of decreasing iron content with 
increased metamorphic grade for phyllosilicates collected from analcime, heulandite and 
stilbite zones, attributing this to a decreased Fe availability with depth.
Calcium contents of chlorites are consistently below 0.1 cations per 28 oxygens, as 
this phase can accommodate only a limited amount of Ca into its structure. Bettison and 
Schiffman (1988) confinn, using X-ray diffraction analysis, that phases with greater than 0.1 
cations / 28 oxygens contain a discrete smectite component. Mixed-layer species show a wide
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range in calcium content (.01-.29 cations per 28 oxygens).
If it is assumed that the regularly interlayered phase is 1:1 chlorite-smectite then 
structural formula should ideally be calculated on the basis of 1 / 2  unit cell chlorite + 1 / 2  unit 
cell smectite. In this case the total octahedral cations should be 9 if both chlorite and 
smectite are trioctahedral, or 7.5 if one of the layers is dioctaliedral. As an example, the total 
octahedral cations in sample CG 7 is 9.22, which approximates to the ideal 9. Therefore, 
both the chlorite and smectite layers are nearly tiioctahedral. The smectite component is 
therefore most likely to be saponite. This may account for the Mg rich nature of certain 
samples.
Finally, it is noted that there is a much greater range of data for the interlayer species 
relative to chlorite. Furthermore, within-grain variations in composition are greater for the 
mixed-layer phases. Bevins and Merriman (1988) suggest that unifoirnity of compositions 
within the area of a single thin section indicates an approach towai'ds equilibrium. On the 
basis of the evidence cited here it is suggested that chlorite represents an approach towards 
equilibrium, promoting the transition from less ordered mixed-layer species through to 
ordered chlorite. Since the tiansition is seen to occur only within metadomains temperature 
may not be the dominant factor controlling phyllosilicate evolution since fluid inclusion 
evidence (see Chapter 5) indicates that temperatures within and outside metadomains are not 
significantly different.
3.6.2. Temperature-composition relationships
Cathelineau and Nieva (1985) following a study of hydi'othermal chlorites conclude 
that tetrahedral charge is positively coirelated with estimated fomiation temperatures, whilst 
for the octahedral vacancy (VAC = ( 6  - A1 - (Mg + Fe ^^ ) based on half structural 
formula) the reverse is true. Subsequent studies, such as that by Jahren and Aagaai’d (1989) 
show that this is the case. Figure 3.5 presents the change in these two paramaters with depth 
within the lava pile. It can be seen that there is no systematic depth related change in
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composition.
Therefore, it appears that there was an insufficient vertical temperature differential 
through approximately 400 metres of lava to bring about any systematic change in aluminium 
site occupancy. However, it is noteworthy that phyllosilicates from the metadomain locality 
are characterised by high Al' '^ and low to intermediate VAC values suggesting that 
temperatures within these localities were higher. Table 4.2 presents a correlation matrix for 
the whole data set showing the interrelationships between the principal cations within the 
phyllosilicates.
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Figure 3.5. Variation in mean octahedral vacancv 
and tetrahedral aluminium with depth for phyllosilicates 
from Campsie Glen
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A l^ A1 F e^ ' Mg VAC
Si"^ -0.97(-1.00) 0.38 (0.31) -0.73(-0.64) -0.15(0.01) 0.76(0.81)
A l^ -0.39(-0.31) 0.70(0.64) 0.17(-0.01) -0.76(-0.81)
A l^ 0.17(-0.31) -0 .8 ( 0 .6 8 ) -0.74(0.8)
F e^ ' 0.26(-0.46) -0.48(-0.48)
Mg -0.64(-0.41)
Table 4.2. Correlation matrix (values are expressed as Pearson’s r) of 
the major chemical variables within the Clvde Lava Phvllosilicates 
(numbers in brackets refer to data obtained by Cathelineau and Nieva (1985), for chlorites 
from the Los Azufres geothermal system)
There aie several points which emerge from the above table:
1. A1 ^  is negatively correlated with Si'^  ^ and the octahedral vacancy. There is also a strong 
positive congelation with Fe
2. The octahedral vacancy is strongly correlated with Si'^ and Al^^
3. There is almost no correlation between Mg^  ^and Fe
In other words, "evolved" phyllosilicates are chaiacterised by high A P , Fe^\ low 
Mg^  ^ and Al^\ Also, analysis of Table 4.1 shows that phyllosilicates (chlorites) from the 
metadomain locality are characterised by high A P , low Mg^\ Al^\ S P  and CaO, ie. they 
possess most of the features characteristic of evolved phyllosilicates.
Figure 3.6 is a plot of A P  against VAC for all phyllosilicates from Campsie Glen. 
Also shown on this diagram is a line derived from Cathelineau and Nieva (1985) showing 
estimated fomiation temperatures, based on variations in A P  content and octahedral site 
occupancy. It is immediately apparent that there is a large scatter of data points tliroughout 
the phyllosilicate population, some (including metadomain chlorites) showing higher
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octahedral vacancy values than expected. The reverse was found to be the case for 
sedimentary chlorites in the study of Jahren and Aagaard (1989). Chlorites appear to have 
formed at approximately 170-220 °C, though there is a degree of overlap with some
mixed layers.
phyllosilcate com position expressed 
in term s o f A l''' vs. VAC for tt given 
h ^  tem perature  o f  form ation derived
^  from C athelineau and N ieva, 1985
<  0 .6 -
0.4 -
+ +0 .2 -
0.0
0.0 0.5 1.0 1.5VAC
Figure 3.6. Tetrahedral aluminium vs. octahedral vacancy for 
phvllosilcates from Campsie Glen
This would place alteration in the upper zeolite facies, consistent with the work of Evans 
(1987). Kristmannsdottir (1979) records the transition from a phyllosilicate assemblage 
dominated by mixed-layer species to one which in chlorite is quantitatively important as 
occurring at between 200-240 °C within Icelandic basalts. This is also marked by the 
formation of wairakite at the expense of other zeolites and sporadic appearance of epidote. 
These features have been recorded within the Clyde metadomain localities (see Chapter 2).
The above analysis suggests that temperatures within the metadomains were 
significantly higher than those outside. This has important consequences; if metadomain 
development was contemporaneous with burial metamorphism, as was suggested in section
3,4, why was there a contrast in estimated fluid temperatures? It was earlier implied that 
temperature assumed a secondary role in controlling phyllosilicate paragenesis. This requires 
further consideration.
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It was indicated in previous chapters that metadomains owe their existence and 
distribution because of pemieability contrasts within the lava pile. They developed as 
alteration fluids exploited high permeability pathways inherited from primary volcanological 
features such as flow horizons. Heat loss by the fluid to its suiroundings might be low in 
these high flow zones; in certain instances, as the fluid rises, it would expand and boil 
adiabatically; boiling is recorded within some fluid inclusion populations from metadomains 
north of the Clyde (see Chapter 5). Within the bulk of the lavas permeabilities are relatively 
low, fluid flow is reduced, and as a consequence the fluid loses heat to its sunoundings and 
cools. Therefore, fluid temperature might have a beaiing on phyllosilicate composition. More 
importantly, contrasts in fluid temperatures might be conti'olled by permeability contrasts 
within the basalts.
3.6.3. The influence of basalt chemistry on phyllosilicate compositions
In order to address whether whole rock chemistry has any influence on phyllosilicate 
composition, XRF analysis was performed on lava samples for which microprobe data was 
available. The details of XRF analysis are given in Chapter 4. Table 4.3 presents correlation 
coefficients deteimined by comparing mean phyllosilicate compositions with whole rock 
chemical analyses for several major oxides (Si0 2 , AI2O3, total iron, MgO, CaO, and Na2 0 ).
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Oxide Pearson’s r
Si0 2 0.57
AI2O3 -0.37
Total Fe 0.89
MgO 0.53
CaO 0.72
Na2 0 -0.37
Table 4.3. Relationships between major oxide compositions for whole 
rock and phvllosilicates within lavas from Campsie Glen 
There is a poor correlation for Al^Og and Na2 0 ; for Si0 2  and MgO the correlation is 
moderate, but is stronger for CaO and total iron. Cathelineau and Nieva (1985) established 
that a strong positive correlation exists between iron and magnesium in hydrothermal 
chlorites and their host rocks. Bevins and Merriman (1988) also noted this relationship within 
metadolerites metamoiphosed to prehnite-pumpellyite facies. However, in this study the 
relationship is not so simple since magnesium shows only a weak correlation whilst for iron 
the correlation is very strong.
It appears that the composition of the phyllosilicates is controlled by the host rock in 
terms of CaO, FeO and, to a lesser extent MgO. This in turn suggests that the composition 
of the hydrothermal fluid is controlled locally by the host basalt. This has been found to be 
the case both within the geothermal environment (Cathelineau and Nieva,1985) and within 
the deep diagenetic environment (Jahren and Aagaard, 1989). The latter authors suggest that, 
in general, chlorites within such environments are in equilibrium with fluids possessing very 
low Fe (II) concentrations, the chlorites attempting to scavenge all available Fe (II). The 
presence of hematite within these lavas suggests that oxygen fugacity was high. This is further
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supported by the observation that the smectite component within die clays is likely to be 
saponite. A possible explanation for the relatively poor correlation coefficient obtained for 
Mg may reflect competition from other Mg rich alteration phases forming within the lavas 
concurrently with the phyllosilicates. For example, locally there is widespread development 
of carbonates; MacDonald (1973) identifies ankerite as being quantitatively important.
3.7 Conclusions
1. A range of phyllosilicates,. developed during hydrothermal alteration of the Clyde Lavas 
has been identified. They are similar to those reported throughout a range of low grade 
metamorphic and hydrothermal environments where basic igneous rocks are present. Their 
widespread distribution within the lavas testifies to the pervasive nature of the metamorphic 
/  hydr othermal event. Compositional data suggests that fluid temperatures reached a maximum 
of approximately 220 ®C. This estimate is consistent with the study made by Evans (1987) 
based on silicate paragenesis.
2. The distribution and composition of the phyllosilicates is controlled indirectly by 
permeability variations within the lavas. This is demonstrated in high permeability 
metadomains which are characterised by more evolved phyllosilicate assemblages.
3. It is concluded that the phyllosilicates observed within the lavas represent an overall 
evolutionary sequence as early formed material partially equilibrated, to differing degrees, to 
changes in external conditions as development of the lava pile proceeded.
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CHAPTER 4 WHOLE ROCK GEOCHEMISTRY 
4.1 Introduction
The development of hydrous phases (eg. analcime) within the metadomains as 
discussed in Chapter 2 requires that the basalts have interacted with a hydrothermal fluid. 
Such a process is likely to have a profound effect on the bulk chemical composition of the 
basalts as decomposition of primary phases and precipitation of secondary phases will lead 
to a redistribution of elements within the basalts. Such processes are reported in a number of 
classical studies within a range of basaltic lavas which were subject to periods of low grade 
metamorphism and hydrothermal interaction (eg. Wood et al., 1976, Cann, 1979, Seyfried and 
Bishcoff, 1977).
The following study has several aims:
1. To establish which elements have behaved conservatively and which have behaved in a 
mobile manor during metadomain activity.
2. To quantify elemental fluxes during metadomain activity.
3. To establish any relationships between elemental behaviour and hydi’otheimal fluid 
conditions.
2.1 Methodology
2.1.1 Recognition of element mobilitv
Several studies (eg. Pearce and Cann, 1973, Wood et al., 1976, Winchester and Floyd, 
1977) indicate that certain trace elements (eg. Y, Zr, Ti) remain immobile during the 
weathering, diagenesis and low grade metamorphism of basaltic lavas. However, more recent 
studies such as those by Walsh (1983) and Luc et al.(1989) have cleaiiy demonstrated that 
this is not always the case. Walsh (1983) suggests that normally immobile elements such Ti,
;
Hf, Sc and REE are susceptible to significant degrees of post-crystallisation mobility in the 
presence of a CO^ rich vapour phase via formation of carbonate complexes. Also, Luc et al. #
(1989) demonstrate enrichment in Ti, Zr, Ni, Co, Zn, Y, Nb, Hf and REE within Proterozoic ^
metabasites which have undergone both latérisation and later granulite facies metamorphism.
Therefore, it is necessary to establish the extent to which trace elements have behaved 
conservatively during the alteration of the Clyde Lavas. In order to assess elemental behaviour 
during metadomain activity major and trace element compositions have been determined for |
selected samples using Philips PW 1450/20 and PW 1212 sequential spectrometers. Samples 
were selected from three metadomain localities at Boyleston QuaiTy, Langbank Cutting and 
Campsie Glen, the purpose being to collect material which was representative of both the
individual metadomain and the local host basalt. Details of sample locations are given in %Appendix 2.1 whilst chemical analysis are reported in Appendix 4.1. Also, data from Evans ?
(1987) has been incorporated which includes basalts collected from burial metamorphic zones 
within the Clyde Lavas. Unfortunately, the precise location of these samples was not given.
Figure 4.1 (a) is a binary plot of Y against Zr for samples taken from the Clyde Lavas 
using data obtained during this study and also that of Evans (1987). It can be seen that this 
data set defines a broad linear array which projects towards the origin indicating that 
elemental ratios are preserved even though absolute concentrations may have changed.
Pearsons’s r for this data set is +0.97 indicating coherence. Coherence between elemental 
pairs such as Y and Zr is normally taken to indicate that these elements remain relatively ^
immobile during low grade metamorphism (Pearce and Cann, 1973). This is supported by #
chemical analyses of hydrothermal fluids reported by Cann (1979) which show that such 
fluids have characteristically low concentrations of elements such as Zr, Nb, Ta etc. The 
exact position of points on this diagram is a function of:
1. Initial elemental concentiations prior to alteration of the basalts.
2. Dilution or concentration effects due to addition or subtraction of other components during 
alteration.
3. Machine accuracy and precision (quoted in Appendix 4.1).
data for meiadomain basalts 
from Boyleston Quarry and 53
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Fi&ure 4.1 Binary diagrams showing variation in Y.Ti.Sr and Rb against Zr. 
Values.for Pearson's r are given. Crosses are from Evans (19871 diamonds 
are for metadomain material, circles are for material collected outside of
metadomain areas.
Figures 4.1(b), 4.1(c) and 4.1(d) are binary plots of Ti against Zr, Sr against Zr and Rb 
against Zr respectively. The scatter shown by both Sr and Rb, and to a lesser extent Ti is 
thought to be due to these elements being mobile during alteration. Also, it can be seen that 
there is significant enrichment in both Sr and Rb; Pearce (1982) reports mean values of Sr 
= 428 ppm and Rb = 23 ppm for calc-alkali basalts. Thompson (1983) notes that during the
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oxidation and hydration of basalts following seawater interaction there is ubiquitous uptake 
of Rb and Sr. Also Wood et al. (1976) noted that Icelandic basalts within higher grade zeolite 
zones were enriched in Sr thought to be supplied by seawater.
Given that Zr and Y appear to have behaved conservatively during alteration it is 
possible to assess the behavour of selected major elements by plotting either one of these 
trace elements (arbitrarily Zr) against the major element in question. This approach is shown 
in Figure 4.2 which also gives values of Pearson’s r for each pair. It can be seen that all of 
the major elements selected (Si, Al, Fe^ '^ , Mn, Mg, Ca, Na and K) show broad scatters with 
no clearly defined trends observable suggesting that all have been mobile during alteration. 
A knowledge of the composition of the initial and final states is not enough in itself to 
calculate elemental flux into or out of the system ie. it is not sufficient to quantify changes 
in basalt chemistry as being equal to the differences in major oxide weight percents. This 
approach assumes that the overall volume of the rock has remained constant during the 
hydrothermal episode.
Preservation of primary igneous textures within basalts from metadomains (see Chapter 
2) argues for constant volume during alteration. However, Cann (1979) demonstrated that if 
serpentinisation of peridotites occurred without volume change the quantities of water 
involved were orders of magnitude greater than that necessary for the formation of the 
serpentine minerals themselves. This was despite good textural evidence for the constant 
volume assumption. Widespread hydrofracturing of basalt within the metadomains from the 
Clyde Lavas suggests that a volume change accompanying alteration may have occurred. 
Also, reactions which may have been occuning during metadomain activity of the type
NaAlSigOg + H2O = NaAlSigOg. H^O + SiO^
(albite + water = analcime + silica) 
have large positve volume changes for the forward reaction (Thompson, 1971). Many 
metasomatic processes involve large positive volume changes. For example, seipentisation of 
oceanic crust by seawater can involve volume increases of up to 40% (Cann, 1979) whilst 
Whitford et al. (1986) reports a net volume expansion of 50% within volcanogenic sulphide
55
60 R=0.01
50 -
30
2 0 0 300 5001 00 4000
Zr(ppm)
R=0.19
16-
14 ■
m 1 2 -
iï. 1 0 -
2 0 01 00 300 400 5000
Zr(ppm)
R=0.03
20 -
I
200 300 4000 1 00 500
Zr(ppm)
0.5
R=0.01
0.4"
& 0.3-1 0 . 2 "
♦ ♦
0 . 1 -
0.0 200 3001 0 0 400 500
Zr(ppm)
R=-0.01
30-Is # t
10 -
400 500300 Zr (ppm)2001 0 00500300 400200 Zr (ppm)
1 0 00
5004003002001 0 00 Zr (ppm)
R=0.02
I
500300 4001 0 0 2000
Zr (ppm)
Figure 4.2 Variation in maior oxide contents against Zr (ornament as for Figure 4.11
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deposits in Tasmania. Therfore, tlie preservation of igneous textures alone is insufficient to 
justify constant volume during alteration.
2.1.2 Modelling metasomatic processes: the isocon diagram
Grant (1986) provides a simple graphical method which allows for solution of 
equations for mass or volume changes during metasomatic processes, after Gresens (1966). 
The basis of Gresens arguement is that some components remain immobile during the 
alteration process, and if they can be identified, they can be used to establish any volume 
change which has taken place. Relative gains and losses of other components can then be 
calculated assuming that the volume change is a factor common to the behavioui* of all 
components. That is, the alteration is pervasive which is justified in the case of the Clyde 
Lava metadomains based upon thin section evidence presented in Chapter 2.
In order to determine relative gains and losses of constituents during alteration, 
representative samples of basalt both outside and within the metadomains aie selected. 
Analyses are then compared to one another for each individual locality by using the "isocon 
method" devised by Grant (1986). This technique provides a simple, direct means of 
determining changes in mass, volume and concentration within equivalent units during 
metadomain alteration. It should be borne in mind that samples of basalt taken from outside 
the metadomain will be, in fact altered, since they have been subject to both early and burial 
metamorphism (Evans, 1987). However, since we are concerned only with changes 
accompanying metadomain alteration, this approach is justified. The technique involves the 
establishment of a reference line conesponding to zero concentration change which is termed 
an isocon. The isocon then represents a graphical solution to Gresens equation (1966) for zero 
concentration change. The isocon may be established on the immobility of one component 
(eg. Zr), a group of components, or upon constancy of volume or mass. Once the isocon is 
established then tlie determination of any chemical gains or losses relative to the concentration 
of the precursor lithology can be readily determined graphically by the amount of
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displacement away from the reference isocon.
Grant (1986) provides a series of equations which can be used to define the isocon as 
follows:
1. If constant volume is assumed during alteration
= (P° /
where = elemental concentration after alteration 
" CP -  elemental concentration prior to alteration 
" p° and = bulk densities before and after alteration respectively.
2. If constant mass is assumed during alteration
= C°
In the general case (M '^ /M ® ) is determined from the best fit isocon where M  = mass of 
sample.
For a given element (eg Zr) whose mass does not change during alteration the equation of the 
isocon is given as 
C* = (C^z/C°z,)C°
where C°2r C^zr represent the concenUation of Zr prior to, and after alteration.
4.3 Results
Mean chemical compositions for selected elements are presented in Table 4.1 for 
metadomain localities at Boyleston QuaiTy, Langbank Cutting and Campsie Glen as discussed 
in Chapter 1. Full sample details aie given in Appendix 4.1.
Boyleston
Quarry
Langbank
Cutting
Campsie
Glen
Element Basalt
outside
metadomain
Metadomain
basalt
Basalt
outside
metadomain
Metadomain
basalt
Basalt
outside
metadomain
Metadomain
basalt
n=l n=19 n=l n=13 n- 1 n=3
SiOz 48.2 46,7 46.8 46.5 46.9 47.5
TiOj 1.97 1.83 3.41 2.48 3.08 2 . 6 8
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Boyleston
Quarry
Langbank
Cutting
Campsie
Glen
A IA 16.29 14.80 15.94 17.56 15.72 13.92
FG2 0 3 13.82 11.63 11.64 10.38 15.74 15.70
MnO 0.34 0 . 1 2 0 . 2 0 0.15 0.13 0.16
MgO 5.55 4.23 6.69 5.15 1.89 2.42
CaO 5.58 8.59 4.19 3.39 5,59 5.24
Na^O 3.6 5.6 5.7 4.3 3.5 1 . 2
K2 O 0.5 1 . 0 0.9 2.9 0.4 1 . 0
P A 0.28 0,29 0.62 0.37 0.54 0.4
F.Loss 3.6 5.2 4.8 6 . 2 4.6 9.06
Tot. 99.73 99.99 100.95 99.83 98.49 99.28
Sr 1510 477 103 99 447 50
Rb 42 1 2 14 80 9 2 0
Cu 5 69 n.d. n.d. n.d. n.d.
Zn 80 75 283 215 53 65
Y 2 1 2 1 2 2 25 30 29
Zr 87 126 319 194 243 2 2 2
Bulk*
density
(kgm‘^ )
2 940 2 460 2 740 2 440 2 840 2 460
Table 4.1 Mean chemical analysis of selected elements from basalts of the Clvde Lavas 
(major elements in oxide weight percents, trace elements in ppm)
* Bulk densities were determined using a Jolly Balance as described by Battey (1981). This 
method involves the use of solid blocks of basalt. During sampling, care was taken to ensure 
that the material collected provided a realistic a view of the metadomain as possible. 
Therefore, samples which were veined with characteristic metadomain material were also 
included within the study. However, caie was taken to ensure that amygdaloidal material 
containing voids was excluded.
Isocon diagrams for the three localities are presented in Figure 4.3. These are prepared 
by plotting the weight percent of major oxides and pertinent trace elements (in ppm), of the
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metadomains to be examined.
Boyleston Quarry data
SÎ02/2
A1203
K2O.10 +
\ 'C ^ +  Zn/lO CaO MgO
+ Rb/10
Elemental standard deviations 
are given in Appendix 4.1.
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Figure 4.3 Isocon diagrams for metadomains within the Clvde Lavas 
(maior oxides in wt. %. trace elements in ppm)
a
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In these diagrams the data are scaled for ease of reading, thus Si0 2  is presented as 0.5 SiOi 
etc. Grant (1986) shows this approach to be mathematically valid. Isocons for constant mass, 
volume and 2 îr are then generated and compared to the isocon which best fits the plotted 
major oxides as determined by least squares analysis. Choice of this reference isocon then 
fixes the compositional, mass and volume changes to be intei*preted from each data set. 
Those elements which plot below the reference isocon are interpreted as having been lost to 
the hydrothermal fluid, and those which lie above are interpreted as having been gained by 
the basalt. Table 4.2 lists the volume change for each locality and the fractional gain and loss 
of each component relative to the amount in the original rock (Grant, 1986). Clearly, those 
elements showing only minor losses or gains generally approximate the reference isocon. 
From the table the following points emerge:
1. All the major oxides, except Fe^O ,^ AI2O3 and Si0 2  exhibit substantial changes in 
concentration during metadomain alteration. Only Ti0 2  (an element normally considered to 
be immobile) exhibits systematic loss at all tlu"ee localities.
Element Boyleston Quarry Langbank
Cutting
Campsie
Glen
SiOz -0.03 0 . 1 2 -0.03
TiOz -0.06 -0.19 -0 . 1 0
A lA -0.07 0 . 2 2 -0 . 1 0
F6 2 0 3 -0.08 0 . 0 0 0.04
MnO -0 . 6 8 -0.25 0.23
MgO -0 . 1 2 -0.16 0.30
CaO 0.50 -0 . 1 0 -0.07
NajO 0.51 -0.15 -0 . 6 6
K2O 1.05 1.75 1.50
F.Loss 0.30 0.28 1 . 1 0
Sr -0 . 6 6 0.28 -0.81
Rb -1.91 7.80 1.23
Cu 2.74 n.d. n.d.
Zn -0.06 -0 . 2 0 0.23
j
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Element Boyleston Quarry Langbank
Cutting
Campsie
Glen
Y 0.12 0.25 0.00
Zr 0.55 -0.10 -0.03
Mass 0.03 0.11 0.05
Volume 0.22 0.20 0.16
Table 4.2 Concentration, mass and volume changes expressed in 
percent for metadomains within the Clvde Lavas
2. The alkali metal oxides exhibit significant mobility, showing both gains and loss from 
metadomain localities. It is noteworthy that NUiO is uptaken within metadomains at Boyleston 
QuaiTy whilst it is lost from metadomain basalts at other localities. A mineralogical 
expression of this may be the widespread development of analcime at the former locality.
3. Sr, Rb and Cu exhibit exUeme mobility. It is noteworthy that K and Rb, which are 
geochemically similai', show extreme mobility. Y and Zr also exhibit a degiee of mobility.
4. In all cases there is a significant increase in the total volatile content (F.Loss) 
accompanying alteration.
5. Alteration is always accompanied by small,non systematic changes in mass and more 
significant increases in volume.
2.3 Discussion
2.3.1. Choice of reference isocon
It can be seen in Figure 4.3 that the major oxides which are used to define the 
reference isocon such as AI2O3, Fc2 0 3 , Si0 2 , TiOa etc. form a broad linear aiTay which trends 
towards tlie origin. Grant (1986) suggests that the elements fonning such an aiTay may be 
considered to be immobile and thus used to define the isocon. This may mean that there has
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been little mass transfer of components used to define the isocon or that the concentration of 
one component relative to that of another has not changed, ie. they have not decoupled 
geochemically. For the case of elements such as K and Rb which aie geochemically similar 
and as such are likely to have been mobilised together then their potential for defining an 
isocon is limited. However, the elements cited above aie geochemically dissimilar and 
therefore are unlikely to have been mobilised simultaneously and can be used to define the 
isocon.
Earlier in this chapter it was suggested that both Zr and Y were immobile based on 
the observation that they formed a well defined linear array when compared upon a binary 
plot. It can be seen from Figure 4.3 (a) that at Boyleston QuaiTy, if Zr were used to define 
the reference isocon then there would be a loss of all elements excluding K and Rb. Also, this 
would be accompanied by a decrease in the volatile content of the metadomain basalt together 
with large decreases in both mass and volume. Several lines of geological evidence suggest 
that this is unlikely. For example, the development of hydrous and volatile rich phases within 
metadomains (eg, prehnite, analcime, calcite etc.) would necessitate the influx of volatiles. 
Also, it seems unlikely that the development of large quantities of analcime within 
metadomains at Boyleston QuaiTy could have occurred without influx of Na. Therefore, the 
earlier conclusion that elements such as Zr and Y are immobile requires clarification. The 
linear array of data points observed on a binary plot of Zr against Y, as shown on Figure 4.1 
(a) indicates that these elements do not decouple geochemically during metadomain alteration 
ie.the ratio Y/Zr remains fixed. However, the absolute concentration of these elements within 
the metadomain basalts may change due to dilution or concentration of other components 
during the alteration process.
2.3.2. Implications for fluid-rock interaction
Mottl (1983), in a review of hydiothermal processes at seafioor spreading centies notes 
that as reaction between basalt and seawater proceeds there is a tendency for the hydi’othermal
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solution to approach equilibrium with the secondary phases which precipitate. The extent to 
which equilibrium is approached is a function of;
a) the reaction rates for dissolution of primary phases and precipitation of secondary phases, 
and
b) the flow rate of the solution through the rock.
This also applies to the chemical species which participate with the dissolution / precipitation 
reactions.
Mottl (1983) and Thompson (1983) note that the most characteristic feature of 
basalt-seawater interaction at elevated temperatures (ie. those greater than 150 ®C) is the rapid 
removal of Mg^  ^from the hydrothermal solution into the rock; at water-rock ratios up to 50 
basalt has the capacity to remove all Mg from the fluid. This is manifest as high Mg ocean 
floor metabasalts containing Mg bearing alteration phases. In the case of the Clyde Lavas it 
is apparent from Table 4.2 tliat Mg concentrations have changed significantly during 
metadomain activity. Although Mg has clearly been mobilised there has been both loss and 
gain of this element by the basalt. As Bowers and Taylor (1987) point out metabasites which 
are enriched in Mg typically contain chlorite. Therefore, it might be expected that the 
metadomain basalts which are depleted in Mg might not contain chlorite. However, it has 
been demonstiated in Chapter 3 that chlorite occurs within all of the metadomains examined. 
One possible explanation for the variable behaviour may be that the invading hydrothermal 
solution was undersaturated with respect to Mg. Data from Thompson (1983) shows that 
seawater is enriched in Mg with respect to intracontinental waters (by up to three orders of 
magnitude). This would suggest that the hydrothermal fluid present during metadomain 
development was unlikely to have been wholly seawater.
It has been shown earlier that all of the major oxides excluding Si0 2  and FegO  ^exhibit 
varying changes in concentration. In an extensive review of low temperature (less than 150 
®C) alteration of oceanic basalts Mottl (1983) notes that oxidation and hydration is ubiquitous. 
This stage is characterised by uptake of K and Rb and is accompanied by loss of Ca, Si and 
Mg from the basalt. At temperatures greater than 150 ®C, Thompson demonstrates that there
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4.4 Conclusions
1. Using binary diagrams it has been possible to determine elemental mobility during 
metadomain activity. Elemental pairs which behave consei^atively, i.e.those elements which 
do not decouple geochemically during metadomain alteration form linear* arrays on such plots. 
The linear array of data points observed on a binary plot of Zr against Y indicates 
conservative behaviour. However, the absolute concentration of these elements within the 
metadomain basalts may change due to removal or addition of other components during the
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is loss of Si, Ca, K, Mn, Sr, Rb, Cu and Zn from rocks of basaltic composition but gain of 
H2O with Mg replacing Ca on a 1:1 molar basis. Metadomain development witlrin the Clyde 
Lavas is characterised by large increases in the Rb and K content of the basalts which is a 
characteristic of lower temperature alteration. However, it has been shown that the behaviour 
of Mg within the metadomain basalts is variable (ie. there is both loss and gain) possibly 
indicating that hydrothermal fluid temperatures have varied around 150 ®C during metadomain 
activity.
Mottl (1983) notes that the heavy metals Fe, Mn, Zn and Cu are leached from tlie 
basalt into solution during basalt-seawater interaction, their concentrations being controlled 
by the combined effects of temperature, pressure and pH. Clearly, the large changes in the $
concentration of Mn, Zn and Cu between metadomain basalt and protolith observed within |
the Clyde Lavas testifies to their mobility. Sey fried and Mottl (1982) demonstrated that at
. 1water-rock ratios greater than 50 then these three elements aie almost completely leached 
from the basalt. Concentrations of these elements both within and outside the metadomains 
are sufficiently high to suggest that water-rock ratios were well below this value. |
Finally, studies of ocean floor alteration, including that of Thompson (1983) show that 
the major stages of chemical fluxing within basalts occurs within 1 0  million years of theii* 
formation with palagonite formation and phylloslicate development occurring within the first 
3 million years.
4
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alteration process. Plots of Zr against major oxides (Si, Ti, Al, Fe^ ,^ Mn, Mg, Ca, Na and K) 
show variable degrees of scatter indicating mobility of these elements during metadomain 
activity.
2. Using the isocon method of Grant (1986) it has been possible to assess the geochemical 
changes accompanying metadomain activity. In all cases this stage is chaiacterised by small 
increases in mass and more significant increases in volume. Also, there is always an increase 
in volatile content (F.Loss). All of the major oxides, except FejOg and SiOg exhibit substantial 
changes in concentiation during metadomain alteration with the alkali metal oxides showing 
both gain and loss from metadomain localities. Sr, Rb and Cu and Zn exhibit extreme 
mobility. It is noteworthy that Rb and K, which aie geochemically similar, show extreme 
mobility.
3. Previous studies of geochemical changes accompanying basalt-seawater interaction show 
that there is significant elemental mobility during this process. At temperatures above 150 ®C 
gain of Mg is the most chaiacteristic feature of this process. However, at only one locality 
within the Clyde Lavas does this appear to have occuiTed. Also, metadomain development is 
often characterised by large increases in tlie Rb and K content of the basalts, a chai*acteristic 
of lower temperature (less than 150 °C) alteration. This suggests that fluid temperatures have 
varied about 150 °C during metadomain activity.
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CHAPTER 5 FLUID INCLUSION ANALYSIS 
5.1 Introduction
Fluid inclusion studies provide a way of obtaining a relatively large amount of 
quantitative and semi-quantitative infoirnation regaining the physiochemical state of the fluids 
present during metadomain development. For the purpose of this study calcite and analcime 
were selected for study, primaiily because they are quantitatively the most important alteration 
phases. Also, it has been established (see Chapter 2) that analcite is formed prior to calcite 
within the metadomains. Therefore, the potential exists to assess how the alteration fluids may 
have evolved during metadomain development. Wafers were made for prehnite rich areas, 
though no fluid inclusions were found within this mineral, in contrast to the study of Evans 
(1987).
To complement the study, bulk fluid extraction analysis has also been made in order 
to measure the actual concentrations and relative proportions of phases present in the 
alteration fluids. Immediately below, there is a discussion of the methodology followed by 
a presentation of results from the metadomain localities.
5.2 Methodology
1. Equipment
MicrotheiTHometric analysis was carried out on 50-100pm doubly polished wafers 
using a Linkham TH600 heating/freezing stage. This consists of a temperature contiolled 
chamber designed to operate between -180 to 600 ®C at a maximum resolution of 0.1 ®C. 
Shepherd et al. (1985) report accuracies of +/- 0.05 ®C below 0 ®C, and +A0.5 ®C above 100 
°C. Accurate calibration was achieved using high purity organic compounds of known melting 
point. Heating rates were variable, generally less than 10 ®C min.'\ though these were reduced 
to approximately 1 ®C min."  ^ near phase transformations. Finally, all measurements were
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repeated in order to ensure precision.
2. Post-entrapment modification
It is important to assess the extent to which inclusions may have changed following 
their original entrapment within a mineral grain. Failure to do so may result in incorrect 
interpretation of results. These changes can occur either isochemically, in which case the 
process is termed necking down, or with loss (or more rarely gain) of material from the 
inclusion. This latter process is termed leakage.
a. Necking down. Irregularly shaped inclusions have a tendency to adopt negative or 
spheroidal morphologies with time via internal solution and reprecipitation along the cavity 
walls. Large inclusions also have a tendency to split into several smaller, more regular 
inclusions. If these processes occur prior to nucléation of tlie vapour phase, then liquid to 
vapour ratios are presei*ved. However, if this occurs as the inclusion cools, the daughter 
inclusions develop variable phase ratios. Such a population may be misintei*preted as 
representing trapping of a heterogeneous fluid characterised by a wide range in 
homogenisation temperatures. Necked inclusions aie readily identified since they often possess 
long, irregular tails which may interconnect with other inclusions.
b. Leakage. This is a particularly serious problem in this study since calcites are prone to 
leakage along well developed cleavage planes. Variable phase ratios are often an indication 
that leakage has occurred. If the process occurs rapidly the process is termed decrepitation 
and is often recognised by the presence of star shaped clusters of inclusions. Such an array 
may testify to a later thermal overprint which caused rupture of original inclusions.
3. Origin of Inclusions
Calcite is prone to disolution and reprecipitation over a wide range of fluid 
temperatures and chemistiies. Therefore, for the purpose of this study it is particularly 
important to be able to distinguish between separate generations of fluids. In order to establish 
the precise nature of an inclusion assemblage it is necessaiy to identify separate populations 
within one wafer. Traditionally, inclusions are classified as being either primary, secondary 
or pseudosecondaiy (Shepherd et al.,1985).
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Primary inclusions are identified as those which aie found; a) growing parallel to 
crystal growth faces; b) randomly distributed; c) isolated (sepaiated by distances greater than 
5 times the mean inclusion diameter). Also, they are often relatively lai'ge.
Secondary inclusions are found in planar arrays along healed fractures and possess thin 
flat morphologies. Shepherd et al. (1985) classify pseudosecondary inclusions as those 
possessing the characteristics of secondary inclusions, but as occcurring along fractures which 
are terminated by a growth zone. Finally, having identified a distinct population of inclusions 
within a wafer, it is often possible to recognise further generations within that population 
using crosscutting relationships.
5.3 Results
Microthermometric results from each locality are presented and discussed separately 
below. Full results are given in Appendix 5.1.
5.3.1 Inclusion tvnes
Material was selected from veins and amygdales both within and outside metadomains, 
approximately 40 wafers were analysed as part of this study. Detailed descriptions of the 
samples used are given in Appendix 6.1. Overall inclusion abundance was generally high and 
a variety of inclusion types were found. The classification scheme used in this study is 
essentially that of Shepherd et al. (1985), a similai* one was used by Evans (1987). The 
following types were observed; monophase liquid, monophase vapour, liquid rich ( 2  phase), 
vapour rich (2 phase) and multiphase solid (3 phase). The main features of these types are 
given in Table 5.1 below.
By fai' die most abundant type were L+V inclusions. Bodnar et al. (1985) point out 
that fluid inclusions from epithermal and geothennal systems worldwide are dominantly 2  
phases at room temperature consisting of a low salinity aqueous fluid and vapour bubble.
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Inclusion type Degree of fill (F) Example Abundance
monophase liquid 
(L)
1 . 0 0 c ? common
monophase vapour 
(V)
1 . 0 0 rare
liquid rich, 2 phase 
(L+V)
0.95-0.80
< c
very common
vapour rich, 2 phase 
(V+L)
0.70-0.50
a
very rare
multiphase solid 
(S+L+V)
variable very rare
Table 5.1. Classification scheme for fluid inclusions from 
metadomains within basalts from the Clyde Lavas
In addition to the inclusions described above, a number of darker, possible 
hydrocarbon inclusions were found, especially within analcime. These will be discussed 
separately.
5.3.2 Temperatures of interest
All microthermometric measurements were made during the heating (melting) cycle 
to allow for the effects of supercooling. Measurements were made at sub-ambient 
temperatures, followed by a systematic progression to higher temperatures. There are a range 
of temperatures which are recorded for inclusions from the Clyde Lavas,
a) Temperature o f first ice melting (7}^ ,
This corresponds to the eutectic temperature of the salt-water system. It is invariant 
and is diagnostic of the cationic composition of the aqueous fluid.
b) Temperature o f final ice melting (T„,
The invarient fusion temperature of ice is 0.015 °C and this temperature is depressed
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by the addition of salts to the aqueous fluid. The degree of depression is directly proportional 
to the amount of salt present therefore T„i can be used to estimate the salinity of tlie 
aqueous fluid (Clynne and Potter, 1977). Nonually, this value is reported as equivalent weight 
percent NaCl, since NaCl is the most abundant salt in natural systems. Hedenquist and Henley 
(1985 a) give a mean salinity of approximately 4 wt.% NaCl for seawater recharged 
geothermal brines, whilst evolved continental brines can have much higher salinities.
c) Homogenisation temperature (T,,)
The temperature of homogenisation indicates the point at which the inclusion fluid 
leaves the two phase boundary and moves into the single phase field of the appropriate 
chemical system. If it is assumed that the inclusion fluid was trapped as a single phase, then 
the formation conditions of the inclusion must lie along an isochore (constant density line) 
from this point in P-T space. As a result the measured temperature of homogenisation is a 
minimum estimate of true trapping temperature.
In this study homogenisation was nearly always observed by gradual disappearance 
of the vapour bubble. In special circumstances homogenisation is marked either by 
disappearance of tlie liquid phase, or gradual fading of the liquid vapour meniscus. The 
former results when the density of the fluid is less than approximately 0.3 g cm'  ^ and is 
observed within some wafers from the Clyde Lavas. Inclusions exhibiting such behaviour are 
often evidence that a fluid has boiled, especially when found with liquid rich populations 
which homogenise over a similar temperature interval.
d) Vapour rich, 2 phase inclusions
As stated in the above table carbon dioxide-water immiscible inclusions were 
occasionally seen at High Craigton Quarry. Two further temperatures can be recorded for such 
inclusions; the temperature of CO  ^fusion (Tmcoi) and tlie homogenisation temperature of the 
CO2 rich phase. The temperature of CO2 fusion is a measure of the purity of the phase. Pure 
CO2 melts at -56.6 ”C, the triple point of CO2. Addition of other gaseous phases, such as 
methane, nitrogen, hydiogen suphide, results in depression of this triple point. 
Homogenisation of the CO2 phase represents only partial homogenisation of the inclusion
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leaving a coexisting aqueous liquid and CO^ fluid. The temperature and mode of 
homogenisation is a function of CO2 density. In this study all homogenisations were to the 
liquid phase.
5.3.3 Bovleston Quarrv
Calcite and analcime were collected from a variety of sites within the quarry. In order 
to compare calcite hosted inclusions in analcime and prehnite rich areas samples were taken 
from a mound along the north face of the quany which provided a full section through a 
metadomain. This locality is illustiated in Figure 5.1. Calcite is always paragenetically late 
(see Chapter 2). The aim of this study is twofold:
1. To compare results with those of Hall et. al. (1989); these authors suggest that both a low 
(c. 85 °C) and high temperature (>100 °C) fluid were present during basalt alteration. This 
may be a real observation, or is perhaps due to a sampling bias.
2. To compare fluid compositions where analcime and prehnite are the dominant alteration 
phases.
a) Calcite
Quantitatively, tliere ate two dominant inclusion types, overall inclusion abundance 
generally being good.
1) Liquid and vapour inclusions. These ranged in size from 10 to 50 pm, ranging in shape 
from negative to iiregular. Most of these inclusions can be classified as primary using the 
above criteria. There is minor necking of some samples, degrees of fill (F) ranging from 
approximately 0.8 to 0.95.
2) Liquid only inclusions. These inclusions range in size from 5 to 30 pm, and generally are 
ananged in flat or tabular arrays which commonly cross grain boundaiies. As such, they 
satisfy secondary criteria. Yermakov (1965) determined the upper formation temperature of 
liquid filled monophase inclusions to be 70 ®C.
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O
Figure 5.1. Sketch section showing mf :adomain locality 
at northeastern periphery of Boyleston Quarry. The 
prehnite rich area was extensively sampled 
for fluid inclusion material during the study.
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In marked contrast to the study of Hall et al. (1989), no vapour dominated, or vapour 
+ liquid + solid inclusions were seen. It is these inclusions which Hall et al. use to infer 
boiling of the hydrothermal fluid. This has important consequences regarding the origin of 
the metadomains at Boyleston, since one of the main pieces of evidence favouring a near 
surface environment, cited by the above authors is the recognition of boiling assemblages. 
Minor hydrocarbon (?) inclusions were also found, though only in very small quantities. 
These are discussed more fully in following sections.
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Figure 5.2. T vs. T for primarv. 2 phase 
inclusions within calcite from Bovleston Quarrv 
(for all paired measurements)
Both type 1 and 2 inclusions take on a brown, grainy appearance on freezing, though 
no hydrohalites were observed. Eutectic temperatures range from both prehnite and analcime
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dominated areas range from approximately -35 to -75 °C (see Figure 5.2). Type 2 inclusions 
have eutectic temperatures ranging from -45 to -65 °C. Data quoted by Shepherd et al. (1985) 
show that salt water systems dominated by Na, Ca and Mg carbonates possess eutectic 
temperatures ranging from approximately -23 to -55 ”C. Also, Shepherd et al. (1985) indicate 
that the development of a brown colouration during freezing is due to the fomnation of a 
CaCl2 hydrate indicating the presence of Ca.
The study of Hall et al. (1989) also noted very low eutectic values for inclusions 
within calcite and suggested that this was due to the presence of a H2O-KCI-CUCI2 species 
with a eutectic temperature of -65 ®C. They also note that traces of copper were detected 
during SEM-EDS analysis of opened inclusions. Banks (1987) also notes very low eutectic 
temperatures for fluids associated with base metal mineralisation at Tynagh. Hein et al. 
(1990) record very low eutectic temperatures ranging between -40 to -60 for fluorite hosted 
inclusions from the Southern Alps. SEM-EDS analysis confirmed the presence of Na, Ca and 
Cl as the main constituants of this fluid. Field evidence (see Chapter 2) shows that native 
copper is generally associated with prehnite rich areas.
Gross salinities ranged from 0 to 26 weight % NaCl. Samson and Banks (1988) also 
note high salinity inclusions from calcite hosted inclusions within Dinantian base metal 
deposits in the Southern Uplands. Figure 5.2 indicates that for calcite associated with prehnite, 
mean salinities are lower.
Figure 5.3 illustrates the range in homogenisation temperatures for Type 1 inclusions. 
It can be seen that there is a wide range in homogenisation temperature, ranging from 
approximately 50 to 250 °C, with a mean of approximately 140 ®C. Homogenisation is always 
to the liquid state. Also, it can be seen that there are strong modes at approximately 140 and 
180 ®C. Such patterns are often cited as evidence of the existence of two sepaiate fluids which 
have mixed. However, Figuie 5.4 shows the predicted Gaussian probability density function 
(pdf) togetlier with the obseived population distribution for this data set. Cleaiiy the observed 
data closely follows that which is expected. Therefore it is unlikely that the obseved fluid 
inclusion population was derived from mixing of two end member fluids with contrasting
temperatures.
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Figure 5.3. Homogenisation temperature histogram for liquid 
dominated, calcite hosted, primary inclusions from Bovleston
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b) Analcime
There are two main inclusion types within analcime, overall inclusion abundance 
generally being poor.
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1) Liquid and vapour inclusions, These inclusions generally satisfy primary criteria (see 
above), though some show a minor degree of decrepitation. They are thin walled, ranging in 
morphology from highly irregular to sub-regular. Sizes range from 10 to 100 pm, degrees of 
fill ranging from 0.85 to 0,95. An example of these inclusions is given in Figure 5.5.
L only g 
inclusions
Sample no. WF2 
(west face of Boyleston Quany)
Figure 5.5 Hand sketch of L+V and L only primarv inclusions 
at room temperature from analcime at Bovleston Quarry
Upon freezing these inclusions take on a brown, grainy appearance, as did Type 1 
inclusions in calcite, again suggesting the presence of Ca. Mean eutectic temperature is 
approximately -21 °C, with a standard deviation of 2.3 °C. Data from Shepherd et al. (1985) 
indicates that H2 0 -NaCl-NaHC0 ) salt-water systems have eutectic temperatures over this 
range. Hall et al.(1989) recorded eutectic temperatures between -21 to -34 *^ 0 for inlusions
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within analcime. Ice hydrates were not observed in this study. Tm ice ranged from -1 to 0 °C 
indicating a very dilute aqueous fluid. This was also found to be the case in the study made 
by Hall et al..
Figure 5.6 shows the range in homogenisation temperature for inclusions within 
analcime. It can be seen that there is a relatively restricted temperature range, with a strong 
mode between 180 and 220 "C. Mean homogenisation temperature is 203 °C, in contrast to 
Hall’s study (145 T ).
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2) Hydrocarbon inclusions. These are relatively abundant in certain wafers and are often 
found in close proximity to cracks and grain margins. They are typically highly irregular, and 
are up to 500 pm in size. The core of these inclusions is generally opaque, whilst the margins 
appear light brown or pale yellow. No aqueous phase is seen in association with these 
inclusions. Progressive heating of these inclusions causes a colour change around the margins, 
which take on a dark brown or orange hue. This colour change commences at approximately 
230 °C, prior to which the marginal areas become diffuse, and is not reversible on cooling to 
room temperature. The effects of stepwise heating are shown in Plate 5.1.
Plate 5.1. Hydrocarbon material within analcime. Hydrocarbon rich material is typically found 
within large (> 2 0 0  pm) clusters which are mainly concentrated around fractures and fissures 
within the host grain. The plate shows the effects of stepwise heating from 25®C (lower 
photograph) to 230 °C (upper photograph) at a heating rate of 5 min.'\ It can be seen that 
a colour change occurs as the hydrocarbon changes from a light brown to a darker reddish- 
brown colour. This colour change is not reversible upon cooling. Also, at temperatures above 
150 ®C there is often limited migration of material along grain boundaries and intergranular 
fissures.
Sample No, WF2, Boyleston Quarry. This sample is taken from the middle lava flow  within 
the quarry, at the base o f the western face, approximately 100 metres from  the northern 
margin.
r * %.
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5.3.4 Discussion
Clearly Type 1 primary inclusions within calcite exhibit a wide range in salinity. One 
possible cause might be boiling with resultant concentration of salts within the residual fluid 
fraction. Hall et al.(1989) advocate boiling as a possible cause for the widespread brecciation 
of the lava seen at Boyleston, yet they did not report the presence of low salinity inclusions 
within calcite in their study which would represent condensates from the boiling process. 
Also, in this study phase ratios are relatively constant, and homogenisation is always to the 
liquid state. Therefore, the conclusion is tliat if boiling did occur, it was on a very limited 
scale, and was not sufficient to cause either the observed salinity variations or widespread 
brecciation.
One possible mechanism which could account for salinity variations is the mixing of 
fluids with contrasting salinity. Samson and Banks (1988) suggest that saline (19-30 equiv. 
wt,% NaCl), low temperature (c.l50 °C) fluids from the Southern Uplands are simply 
modified meteoric fluids which have interacted with halite bearing Dinantian sedimentary 
successions. Figure 5,7 below shows the composition of fluids from Type 1 inclusions 
expressed in terms of salinity and temperature.
300u
halite saturation curveO
<0
2010 300
weight % NaCl equivalent
Figure 5.7. All paired temperature-salinitv measurements for primarv. 
two phase, calcite hosted inclusions from Bovleston Quarry
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It can be seen that there is a broad horizontal scatter in fluid compositon. Such a trend can 
be interpreted as near-isothermal mixing of fluids of contrasting salinity. The Dinantian 
Inverclyde Group underlie the Clyde Lavas and contain the Ballagan Formation 
(Browne, 1980). This formation consists of silty mudstones with numerous thin beds of 
dolomitic limestone, and is thought to have been deposited under marginal marine conditions, 
"subject to periodic desiccation and salinity fluctuations" (Paterson and Hall, 1986). These 
beds may have acted as the source of dissolved salts, in particular Ca.
Fluids which were present during the formation of analcime are characteristically of 
very low salinity, bicarbonate dominated, organic rich and of higher temperature than those 
which were present during calcite fonnation. The first two features suggest that this fluid may 
represent a surface derived fluid, possibly groundwater, since seawater would be expected to 
be of slightly higher salinity and chloride dominated. One possible source for the organics 
might be organic rich mudstones within the underlying Ballagan Foimation. Hydrocarbons 
may have been mobilised and ti’ansported by gi'oundwaters during baking by the overlying 
lavas. The effects of the lava and associated intrusives on the sediments is seen at the base 
of Campsie Glen where recrystallisation of carbonate enriched sediment is a common feature. 
This is essentially in keeping with the model proposed by Hall et al. (1989).
The fact that the fluid present during the formation of analcime was of relatively high 
temperature testifies to an overall progressive cooling within the metadomains at Boyleston 
Quarry with time. Also, liquid only secondai*y inclusions within calcite indicate that advection 
of low temperaure fluids continued after initial formation of calcite.
Minor variations in fluid temperatures and compositions can be explained by 
considering field evidence. It was shown eai'lier that in material collected from a metadomain 
along the north face of the quaixy (see Figure 5.1), where prehnite was the dominant 
alteration phase salinities were high within the later calcites, the reverse being true for 
analcime dominated zones. Also fluid temperatures are slightly higher as shown in figure 5.8. 
Prehnite occurs only within the oxidised, vesiculai* flow top, whilst analcime is restricted to 
the main overlying lava. The sharp contact of the underlying lava also marks the
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mineralogical change.
It is sugested that within the lower lava, fluid residence time is relatively long, 
leading to loss of heat to the surroundings. However, in the overlying main lava, because 
overall permeability is much reduced, fluid residence time is shortened, fluid and basalt only 
coming into contact during catastrophic surges when the lava is brecciated. This would mean 
reduced heat loss, and little time for interaction and exchange with the host basalt. Hall et 
al. (1989) suggest fluid compositional variations are due to interaction of the fluid with 
pre-existing analcime and prehnite.
5.3.5 High Craigton Quarrv
Calcite samples were collected from the main west face of the quarry, both from viens 
within and below the lahai\ In addition, samples were also taken several hundred meties to 
the west within Upper High Craigton Quaixy witliin lavas which aie sù'atigraphically higher 
than tliose present in the main quany. A variety of inclusion types were encountered in this 
investigation.
1) Type 1 (Liquid and vapour inclusions)
These inclusions were amongst the most common encountered and generally satisfied 
primary criteria, as laid out above. Moi'phologies range from sub-regular to negative, sizes 
from 10 to 70 pm. Degress of fill ranged from 0.9 to 0.95, homogenisation always being to 
the liquid state. The inclusions took on a brown grainy appearance upon freezing below -50 
T .
Eutectic temperatures ranged from -40 to -70 °C, with a very strong mode between -60 
to -70 ®C. These values aie similar to those obtained from Boyleston Quaixy. Data from 
Shepherd et al. (1985) indicates tliat the H2 0 -NaCl-CaCl2 system has the lowest eutectic 
temperature of the common salt-water systems at -55 ®C. Hall et al. (1989) report Li-salt 
systems with very low eutectics (-75 to -80 ®C), though there is no evidence of there being 
a Li-enriched horizon within the area. Also copper, in the form of stiingers and grains is
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absent from this locality.
There are wide variations in salinity within this population of inclusions, which appear 
to be controlled in part by stratigraphie height (see discussion below). Gross salinities range 
from 26 to 0 equiv. weight % NaCl. For samples taken from beneath the lahar, salinities 
range from approximately 11 to 26 equiv. weight % NaCl, with a mean of 18.3. Samples 
above and within the lahar have salinities ranging from 0 to 23 equiv. weight %NaCl. 
However, this population is characteristically bimodal, with strong modes at 0 and 20 equiv. 
weight %NaCl. This is illustrated in Figure 5.8 below.
Homogenisation temperatures vaiy from between c. 50 to 200 °C. Again, the 
population distribution appears to be controlled by stiatigraphic height as shown in Figure 5.8. 
Samples beneath the lahai' show a modal value between 150-170 ®C, whilst those within and 
above show a symmetrical distribution, with a mode lying between 110-130 ”C.
2) Type 2 (Monophase liquid inclusions)
These inclusions are common throughout, and satisfy secondary criteria as they are 
frequently found as trails within healed fractures, or cross cutting grain boundaries. 
Furthermore, it is often possible to obsei've multiple generations of these inclusions. Most 
inclusions are < 10 pm in size and possess tabular* morphologies. Occasionally, it is possible 
to obsei*ve minute vapour bubbles within these inclusions, which move around at high speed. 
No measurements are possible on these inclusions.
Isolated, large (10-50pm), dark, sub-regular*, monophase inclusions are occasionally 
obser*ved interspersed amongst pr*imar*y Type 1 inclusions, and are not genetically related to 
Type 2 monophase populations. Again, no measurements are possible on these inclusions.
3) Type 3 (Vapour rich, 2 phase inclusions)
These inclusions ar e rare, and possess many of the features of Type 1 inclusions; also 
satisfying primary criteria. They differ* in that Üiey are characterised by low degrees of fill 
(0.5 to 0.7) and always homogenise to tire vapour state. Eutectic temperatures within these 
inclusions are difficult to observe, though they have relatively high salinities, ranging from 
15 to 21 equiv. weight %NaCl.
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Upon cooling a double bubble appears in some instances suggesting the presence of 
a CO2 rich vapour. Upon reheating, final COj melting temperatures were not observed, even 
for samples held well below the COj triple point. Rehomogenisation was always to the vapour 
phase and occurred between 12 and 26 ”C. Data from Shepherd et al. (1985) indicates that 
the density of this COj rich phase is very low, between 0.3 and 0.15 gcm'^.
4) Type 4 (Liquid + vapour + solid inclusions)
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These were only seen in one sample, located beneath the lahar. The solid phase is 
cubic in shape and is most probably halite. Dissolution temperatures were not obseved.
5.3.6 Discussion
The presence of primary, liquid and vapour rich (Types 1 and 3) inclusions in close 
proximity to one another indicates that fluid boiling, a commonly reported feature of 
geothermal systems, occurred at High Craigton. This may have occurred as ascending fluids 
infiltrated the highly permeable lahar as shown in Figure 5.9. As the process continued the 
residual liquid phase became increasingly saline as water boiled off; Type 4 inclusions are 
found at the base of the quarry. Also, salinities are highest within this area. In comparison, 
the escaping vapour phase possessed a very low salt concentration (in extieme cases this 
would be zero). Type 1 inclusions found at higher levels within and above the main quarry 
show bimodal salinity variations, the stiongest mode occurring at 0 to 1 equiv. weight %NaCl. 
The relative scarcity of vapour rich inclusions suggests that either there was only very liinited 
boiling (this would explain why vapour rich inclusions have relatively high salinities) or that 
the system was "flooded" by liquid water which in turn suggests that the system was located 
below the local water table.
Further evidence in support of fluid boiling is the presence of CO2 rich (Type 3) 
inclusions within calcites collected from the lahai*. This is because during fluid boiling gases 
such as N2 and CH4 and, to a lesser extent CO2 are partitioned into the vapour phase. 
Giggenbach (1981) expresses this paititioning behaviour, for single stage separation, in terms 
of a gas distribution coefficient (B), given as:
Concentration of gas in vapour /  Concentiation of gas in liquid.
For CO2 this is given as; log B C02=4.7593-0.01092T (T in °C). Values for B range from 
3.66 at 100 ”C, to 1.48 at 300 °C. Therefore, CO2 is most strongly partitioned when a fluid 
is boiled and cooled, for example by mixing with groundwater.
If the fluid at High Craigton was boiling it is possible to estimate the depth of
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trapping, assuming that the system was open to the surface i.e. assuming hydrostatic 
conditions.f
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If it is assumed that cooler groundwater was entering the system from above then the 
intergrated density of the overall fluid column is increased and as such the estimate of 
trapping depth is overestimated slightly. Using the data of Haas (1971), reported in Shepherd 
et al. (1985) it is possible to arrive at a range in depth estimates. This is achieved by 
assuming an overall mean fluid salinity of 5 equiv. wt. % NaCl, and a range in
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homogenisation temperatures for Type 1 inclusions ranging from 100 to 250 “C. These values 
lead to depth estimates ranging from less than 50 metres to 450 metres. This finding has 
important consequences regaring the timing of metadomain activity; the depth estimates above 
suggest that geothermal activity was contemporaneous with volcanism, and occurred before 
burial by the overlying Strathclyde Group sequences.
5.3.7 Enthalpv-chloride relationships
It is possible to further addiess the relationships between fluids of differing 
temperature and composition at High Craigton Quarry by making use of an enthalpy-chloride 
diagram. Such studies by Truesdall and Fournier (1976) have proved useful in evaluating fluid 
evoluion in geothermal areas. Because both ethalpy and chloride aie additive quantities, then 
ti'ajectories for boiling and mixing are stiaight lines on such plots. Further details of tlie 
technique can be found in Fournier (1979) and Fournier (1981).
For example, single stage steam loss, a process which is likely to have occurred at 
High Craigton can be represented by stiaight lines radial to the composition and enthalpy of 
steam. This is illustrated in Figure 5.10 below. Given the composition and temperature (and 
hence enthalpy using tables in Henley et al., 1985) of the residual fluid found at the base of 
the quarry (18.3 equiv. wt. % NaCl and mean temperature of approximately 160 °C) it is 
possible to determine the composition of the fluid prior to boiling, assuming single stage 
separation occurred at approximately 190 ®C. This is possible since this composition must lie 
along line A-B at point C. It can be seen from the diagram that this fluid composition is 
approximately 14.8 equiv. wt. % NaCl. Henley (1985) suggests that seawater recharged 
geothermal systems have maximum salinities of approximately 4.5 equiv. wt. % NaCl. High 
salinity fluids from inclusions from mid-ocean ridge enviionments have been reported by 
Cowan and Cann (1988) and also Kelley and Delaney (1987). In both instances high salinities 
are thought to be due to supercritical 2 phase separation of seawater. It is unlikely that fluids 
from the Clyde Lavas ever experienced such temperatures exceeding the critical point of
water (374 °C).
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Figure 5.10 Enthalpy-chloride diagram showing possible evolutionarv 
pathways for fluids present during metadomain formation at High Craigton 
Therefore, the fluid found at High Craigton is likely to have represented an evolved
continental brine, derived from surrounding sedimentary successions.
Compositional data from fluid inclusion measurements indicates that overall mean 
salinity at High Craigton was approximately 6  equiv. wt. % NaCl. This suggests that mixing 
occurred between the brine and a fluid of lower salinity, possibly a fluid of surface origin, 
given that a large number of Type 1 inclusions have very low (<2 equiv. wt. % NaCl) 
salinity. Also, given that homogenisation temperatures for these inclusions range from 
approimately 120 to 200 °C, it is possible to calculate the temperature of the surface derived 
fluid as shown. It can be seen from the diagram that temperatures ranged from approximately 
25 °C to 160 °C. In order for surface derived fluid to reach such temperatures it is neccesary 
either that the fluid resided in reservoirs at intermediate to high temperatures for relatively 
long periods of time, or that the mass flow rates were relatively low. Chemical equilibration
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with the surrounding rocks might be expected if tlie former were tiue, though this does not 
appear to be the case since fluid salinity is extremely low and within the system is extremely 
varied. Therefore, it is concluded that mass flow rates were low. Fournier (1979) gives a 
value of 117 kg/minute for flow in a conduit of circular cross section, within a shallow (less 
than 500 metres in depth) system where fluids are cooling adiabatically. For comparison, 
Cann and Strens (1982) calculate mass flow rates of 6  * 10 kg/minute for a black smoker 
vent of unit cross section, corresponding to a linear flow rate of 1 ms’^ within these vents. 
Sams and Thomas-Betts (1988) calculated that at shallow depths (<500 metres), maximum 
mass flow rates of 2.45*10-^ kg/minute for convective fluid flow around the Comubian 
batholith.
5.3.8 Langbank Cutting
Calcite samples were collcted from above and below the flow boundary. The overall 
quality and abundance of inclusions at this locality was generally poor. Variable phase ratios 
and high homogenisation temperatures indicate that some leakage has occurred in these 
samples. Furthermore, fracture density is high in these samples. However, it has been 
possible to obtain some information on the nature of the fluid phase at this locality. There 
is a restricted range in inclusion types found here.
V)Type 1 (Liquid and vapour inclusions)
These inclusions vary in size from 5 to 50 pm, and range in morphology from negative 
to highly irregular. They satisfy both primary and secondaiy criteria, phase ratios for the 
primary inclusions ranging from 0.7 to 0.95, whilst secondaiy inclusions show a much more 
restricted range >0.95. Homogenisation for both primary and secondary inclusions is always 
to the liquid state. Upon freezing below -60 ®C, the inclusions become grainy and brown in 
colour. Because of their small size, no freezing measurements were possible for secondary 
inclusions. Ice hydrates were not obser'ved. In common with other localities, eutectic 
temperatures were very low, Tfm ice ranging from -72 to -35 °C, with a mean value of -61
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®C. Again, copper is absent suggesting that the H2O-KCI-CUCI2 system does not exert a major 
influence on eutectic temperatures across the lava outcrop, as suggested by Hall et al. (1989). 
Salinities, as determined from freezing point depression varied widely, though not 
systematically at this locality. Estimates ranged from 0 to 23 equiv. wt. % NaCl.
Homogenisation temperatures for primary inclusions ranged from approximately 80 
to 180 °C as shown in Figure 5.11.
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It can also be seen from this diagram that there is a wide spread of data with no well 
developed mode. Homogenisation temperatures for secondary inclusions are generally lower, 
ranging from approximately 70 to 120 °C.
2) Type 2 (Monophase liquid inclusions)
These inclusions are very common throughout, and satisfy secondary criteria as they 
are frequently found as trails within healed fractures or cross cutting grain boundaries. They 
are found in close association with secondary, 2  phase inclusions.
Most inclusions are less than 10 pm in size and possess tabular, or negative 
morphologies. No measurements are possible on these inclusions. Their presence, together 
with those found at other localities testifies to the widespread existence of a low temperature 
fluid, present after the main phase of geothermal fluid advection across the whole lava field.
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5.3.9 Discussion
Since leakage is generally associated with the movement of fluid out of the individual 
inclusion rather than filling by a later fluid, the effect on salinity might be expected to be 
minimal. It can therefore be concluded that the wide range in salinity reported here is a 
feature of the fluid present during geothermal activity.
Since there is no evidence of boiling at this locality, one possible mechanism which 
could account for wide salinity vaiiations is mixing of fluids of contrasting salinity. Because 
there appears to be a strong bimodal distribution of salinities, this suggests that the 
end-member fluids did not equilibrate chemically with one another. Density is a possible 
cause of this "unmixing behavour", though there is no salinity stratification in vertical sections 
across the lava. Furthermore, Type 1 inclusions of contrasting salinity are frequently found 
juxtaposed to one another in single samples. Fluids with salinity values upwards of 20 equiv. 
wt. % NaCl are likely to represent "evolved continetal brines", as dicussed in section 5.3.6 
above.
Homogenisation temperatures for Type 1 inclusions are within a similar range to those 
found at other localities. If it is assumed that these metadomains do provide a cross section 
through the lava pile, then the conclusion is that fluid advection during geothermal activity 
was relatively high i.e. fluid residence times were relatively low, therefore conductive cooling 
losses were low, hence ascent of fluids was near adiabatic.
5.4 Mugdock Quarrv
As discussed in Chapter One this locality lies within the quartz-calcite burial 
metamorphic zone defined by Evans (1987). The purpose of studying fluid inclusion material 
from this locality is to provide an independent assessment of fluid conditions during burial 
metamorphism of the lavas. This is achieved by studying fluid inclusion wafers prepared from
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polycrystalline quartz which is found infilling vesicles within the lava. Unfortunately, it 
proved impossible to prepare calcite wafers using samples collected at this locality.
The question which arises is; could the low temperature secondary fluids which are 
found within calcites from all the above localities represent a later stage fluid which was 
present during burial metamorphism of the lavas? If so, then the inference is that metadomain 
development (recorded witliin primary inclusion populations from metadomain localities) 
occurred prior to burial metamoiphism of the lava pile by overlying sediments. This view is 
contiary to that expressed by Evans (1987), who favoured a model in which the metadomains 
developed after burial. The results of this study are discussed below. There are two inclusion 
types;
1) Type 1 (Liquid and vapour inclusions). These inclusions are quantitatively most important 
and generally satisfy primaiy criteria. They range in size from 5 to 30 pm and generally 
possess irregulai' moiphologies. Phase ratios are tightly constiained and are always greater 
than 0.9. Homogenisation is always to the liquid state.
Eutectic temperatures were difficult to record and were reported for only a few 
inclusions. Temperatures ranged from -35 to -25 ®C. Data from Shepherd et al. (1985) 
indicates that H2 0 -MgCl2 dominated systems have eutectic temperatures witliin this range. 
Salinity values, based on freezing point depression indicate that the fluid was relatively dilute, 
with maximum salinity less than 4 equiv. wt. % NaCl (see Appendix 5.1).
Homogenisation temperatures ranged between approximately 60 and 150 °C, with a 
sti’ong modal value between 80 and 110 °C. This is illustrated in Figure 5.12. These are within 
the range of those reported for secondai’y inclusions from calcites at Langbank Cutting.
2) Type 2 (Monophase liquid inclusions)
Lai'ge clusters of these inclusions are found along grain boundaries and cross cutting 
individual quartz grains. They aie exti*emely small (<10 pm) and no measurements are 
possible.
Evans (1987) suggests that fluids present as burial metamorphism were of high 
salinity, and were subsequently diluted by less saline seawater or groundwater as burial
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proceeded. If this is the case then the fluid at Mugdock Quarry represents such a late stage 
fluid, possibly seawater, or evolved groundwater.
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It is noted that the homogenisation temperatures recorded for primary inclusions in 
quartz are similar to those recorded for secondary inclusions in calcite from Langbank 
Cutting. Also as noted above, Yermakov (1965) determined the upper formation temperature 
of liquid filled monophase inclusions (which are found in large numbers in every sample) to 
be 70 ®C. Furthermore, salinities, where recorded, are generally low in these monophase 
inclusions.
The evidence presented above suggests that the secondary inclusions in calcite (and 
analcime) do represent later stage, low temperature fluids that were present during burial of 
the lavas, i.e. that the metadomains were developed prior to burial of the lavas by Dinantian 
sediments. Thus it is possible to envisage a situation in which early hypersaline, relatively hot
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connate fluids aie progi'essively "swamped" by surface derived fluids (possibly seawater, 
meteoric water, or groundwater at various stages of evolution) as these geothermal systems 
evolved.
5.5 Integrated Discussion
Multiple generations of fluid inclusions testify to the fact that tlie metadomains have 
undergone a protracted period of fluid evolution. The purpose of this section is to compare 
the fluids which were present during the development of the Clyde Lava metadomains and 
the physical processes which occurred during hydrothermal activity with those occumng in 
geothermal and hydrothennal systems worldwide.
5.5.1 Comparison with present dav geothermal systems
Perhaps the main difference between the fluids present during metadomain 
development and those found in modem day geothermal systems lies within salinity 
variations. Most geothermal systems are characterised by low salinity hydrothermal fluids. For 
example, at Champagne Pool (Waiotapu, New Zealand) alteration fluids have salinities less 
than 1 equiv. wt. % NaCl. Salinity will be controlled by three main factors; host rock 
lithology, origin of the alteration fluid, and processes tending to concentrate or dilute fluids.
In general, fluid salinities within andesitic and silicic volcanic systems are higher than 
those in basaltic systems (Hedenquist and Henley, 1985), though rarely exceed 2 equiv. wt. 
% NaCl. Seawater recharged systems are of relatively high salinity (up to 4 equiv. wt. % 
NaCl). Systems with extremely high salinities (eg, Salton Sea with salinity = 25 equiv. wt. 
% NaCl, Hedenquist and Henley, 1985) typically contain evaporite sequences reflecting 
tectonic setting and climate. The situation within the Clyde Lavas is different in that alteration 
fluids appear to have either originated or interacted with organic and caibonate rich sediments 
below the lava pile prior to entrapment.
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Present day geothermal fluids are commonly neutral to alkaline chloride waters 
containing a predominance of alkali and alkali earth chlorides (Hedenquist and Henley, 1985 
a). Freezing measurements appear to confirm that the latter is the case for fluids present 
during metadomain development in the Midland Valley.
Temperatures recorded for fluids present during calcite formation are similar to those 
which are recorded for hot springs and geothermal fluids. For example, the Tauhara and 
Waiotapu geothermal fields of New Zealand have measured fluid temperatures ranging from 
98 to 257 °C and 70 to 225 respectively (Hedenquist and Henley, 1985 b). These 
temperatures are based on measurements of fluid temperatures at the surface and those 
recorded at depth witliin these systems.
Fournier (1979) concludes that most geothermal fluids either cool by conduction, 
boiling or mixing with cooler surface derived waters, during which time paitial or total 
chemical re-equilibration may occur. Fournier (1979) has demonstiated mixing and boiling 
of geothermal fluids at Cerro Prieto (Mexico), Orakeikorako (New Zealand) and Yellowstone 
(USA). Fluid inclusion evidence has demonstrated that these processes have also occurred 
within the metadomains of the Clyde Lavas. However, for all of the present day systems 
salinity concentration due to boiling is less than 2 equiv.wt.% NaCl. This cleaiiy demonstrates 
the importance of host rock lithology in conti'olling salinity.
For most geothermal systems in New Zealand, the temperature of the dilutant fluid of 
surface origin ranges between 100 to 180 ®C (Hedenquist and Henley, 1985 b), which is 
similar to that found at High Craigton Quarry.
5.5.2 Comparison with other hydrothermal fluids
Figure 5.13 shows the composition of a range of various hydrothermal fluids expressed 
in teims of temperature and salinity. Also plotted on the diagram is the likely range in 
compositions for connate brines which constitute pait of the metadomain alteration fluids.
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It can be seen that these fluids are characteristically of low to intermediate temperature and 
of high salinity, similar in nature to fluids representing proximal sedex deposits. Sato (1972) 
described such fluids and suggests that they have densities only slightly lower than seawater. 
Such fluids are unlikely to mix readily with surface derived fluids owing to density contrasts, 
and it is perhaps this reason why there is often a marked bimodal distribution in salinities 
within a given sample.
Large volumes of data from oilfield brines and fluid inclusions from Mississippi 
Valley-type deposits (Sangster, 1990) demonstrate that such fluids are capable of carrying 
sufficiently high concentrations of base metals to produce major ore districts. This process 
has occurred to the south within the Southern Uplands. Samson and Banks (1988) report that 
the mineralizing fluids in this province were of relatively low temperature (c.l50 °C), high 
salinity, NaCl + CaClj dominated modified meteoric fluids on the basis of fluid inclusion and 
stable isotopic data. These authors propose a Dinantian age for the mineralizing event which
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is similar to that which is proposed for the metadomain alteration in the Clyde Lavas. Clearly, 
the fluids reported in this study share many of the characteristics of the fluids found within 
the Southern Uplands. Also, brines associated with Pb-Zn-Ba sedex deposits from 
Silvermines, Ireland reported by Samson and Russell (1987) share many of the characteristics 
of fluids from the Clyde lavas. These include low eutectics, high salinities (18 to 22 equiv 
wt. % NaCl) and homogenisation temperatures ranging from 50 to 260 "C. These authors 
envisage convection and interaction of Carboniferous surface fluids with thick geosynclinal 
sequences, granitoids, plus a contribution from lower Paleozoic formation waters.
The similarity in fluid compositions between the three provinces is striking, begging 
the question: why is there not large scale development of base metal mineralisation of 
Dinantian age within the Clyde area? Minor amounts of native copper are found at Boyleston 
Quarry. Also, Stephenson and Coats (1983) note minor native copper mineralisation in the 
Renfrew Hills which ranges from replacement of plant debris by malachite in sandstones 
belonging to Lower Limestone Group to direct association of native copper with basaltic 
lavas. These authors also report Ba mineralisation of inferred Upper Carboniferous age within 
the Misty Law trachytic complex resulting from circulation and mixing of low temperature 
Ba-rich brines with oxidised, sulphate bearing groundwaters.
Clearly, heat flow within the aiea is likely to have been enhanced at the time of lava 
eruption within the Midland Valley providing a heat engine to drive hydrothermal circulation. 
Strens et al. (1987) demonstrate that hydrothermal systems capable of generating the very 
largest Pb-Zn deposits requires geothennal gradients ranging between 30 ®C km'^ (fluid 
ch’culation to 10km) to 60 ”C km'^ (fluid circulation to 6 km). There are two possible 
explainations for the apparent observed lack of large scale base metal deposits within the area. 
Firstly, there exists the possibility that the metals were not available to the system. Secondly 
it is possible that there is significant base metal mineralisation at greater depths within the 
Lower Carboniferous sequence. In classical models of hydi'othermal circulation (eg.Craw et 
al., in press) copper enrichment generally occurs within intermediate levels of the system 
where significant fluid mixing occurs, whilst other base metals aie found at greater depths.
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5.5.3 A model for copper mineralisation within the lavas
The occurrence of native copper and its derivatives (eg.cuprite and malachite) at 
Boyleston Quarry is well known (Bluck, 1973). It is found as small nuggets and streamers 
within both analcime, prehnite and calcite rich veins, suggesting precipitation was occurring 
throughout metadomain development. The low concentiation of copper at Boyleston renders 
it an uneconomic reserve.
Johnstone et al. (1990) suggest that transport and deposition of copper within the 
Sothern Alps hydrothermal system, New Zealand, is contiolled by redox conditions. Oxidised 
Cu enriched meteoric water mixes with upwards moving, reduced metamorphic fluids, the 
result being the precipitation of a range of copper beaiing minerals. A similai' model can be 
used to account for tlie precipitation of native copper at Boyleston Quarry.
It has been suggested previously, on the basis of fluid inclusion evidence, that mixing 
of surface derived fluids and deeper connate brines occuired at Boyleston. It is likely that the 
connate brine was relatively reduced, especially if there aie significant quantities of organic 
material present within the sequence. Thus this locality represents a redox interface where 
precipitation of native copper occurred as surface derived solutions which were enriched in 
copper chloride and hydroxide complexes mixed with reduced biines. Pollard et al. (1990) 
show that native copper is stable at Eh ranging from 0.0 to 0.2 volts (coiTesponding to a very 
slightly oxidising environment) and over a pH range of approximately 4 to 8 .
As the surface derived fluid descended through the lavas and was heated it would have 
become progressively enriched in copper, which was removed from the host basalt. Jolly 
(1974) suggests that basalt is a potential source of copper within low grade hydrothermal 
systems. Furthermore, Seyfried and Bischoff (1977) have shown tliat at 260 °C seawater 
reacted with basaltic glass under water dominated conditions effectively leaches and maintains 
copper in solution.
The reason why high grades of copper mineralisation aie not seen at Boyleston, or 
elsewhere is probably twofold. Firstly, the volume of basalt through which fluid would have
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been transported in the Clyde Lavas is much lower than that for classic mineralised flood 
basalt provinces such as the Keweenawan Basalts of Michigan which reach thicknesses of up 
to 8  000 metres. This factor also probably explains why copper is not found at High Craigton 
Quarry, where mixing is also thought to have occurred; fluid inclusion evidence indicates that 
this area was a near surface system. Secondly, copper solubility is favoured by high Cl' 
cncentrations (Johnstone et al., 1990); fluid inclusion evidence indicates that surface derived 
fluids were relatively dilute.
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5.6 Fluid extraction analysis
5.6.1 Introduction
In order to establish the nature of the volatile phase present within inclusions use has 
been made of the fluid extraction facility at St. Andrews University. Such volumetric methods 
of inclusion-gas analysis involves cryogenically sepaiating the various gases into discrete 
groups based upon freezing point variations and measuring the pressure of these gases in 
known volumes. From this it is possible to calculate the standai'd volumes of the gases and 
thus obtain a semi-quantitative analysis in a relatively short period of time. The method 
differs from normal fluid inclusion analysis in that it is destructive because gases for analysis 
are released by stepwise heating and decrepitation of inclusions within a sample thus releasing 
the volatile phase.
5.6.2 Method
A sample of known weight (correct to 4 significant digits) is tiansfeired on the line 
and heated to 110 "C for approximately 30 minutes in order to remove any labile water. 
Following this, the sample is heated to 450 "C +/-10 ”C for approximately 10 minutes during 
which time decrepitation of inclusions occurs and the contents aie released into the line. 
Above 480 °C carbonate begins to decompose (Behar and Pineau, 1979) therefore cai'e was 
taken to ensure the temperature was maintained well below this value. Once the gases are 
released from the sample they are passed through a cold trap containing liquid niuogen (at 
-495 ®C). At this temperature gases including H^O, CO2, NH3 aie frozen down during which 
time the pressure of the non-condensable gases (CH4 , N2) is measured. Following this, the 
cold trap is removed and the gas pressure within the line is taken after 45 seconds during 
which time any frozen 00% present will have vapourised. The line is then gradually warmed 
in order to vapourise HgO and the maximum transient pressure recorded. From these three
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readings it is then possible to calculate the relative abundance of non-condensible gases 
(CH4 , N2), CO2 and HgO. Since sample weight is accurately measured results are expressed 
as moles per gramme of sample (mol g' )^.
In addition the extraction line at St. Andrews is coupled to a gas chromatograph which 
is able to receive and analyse the non-aqueous condensible and non-condensible phases. Full 
details of this instrument are given in Appendix 5.2. Analysis of the output from several G.C. 
runs showed that CO2 constituted >99 % of the fraction released from the freezing loop after 
45 seconds. Also detected were Ng and traces of CO within the non-condensible fractions. The 
former may either represent the major component of the non-condensible phases or possible 
leakage of atmospheric air into the G.C. system. Also, it is likely that CO is not a primary 
gas but may be generated via the thermal degradation of organic matter tiupped within the 
calcite samples during each heating run.
5.6.3 Results and discussion
Samples of calcite were taken from metadomain localities at Boyleston Quarry, 
Langbank Cutting and High Craigton Quairy (details aie given in Appendix 6.1). The overall 
aim of the study was twofold:
1. To establish the relative abundance of the three main components constituting the inclusion 
fluids across the Clyde Lavas, i.e. non-condensible gases, CO2 and H2O and to compare the 
values obtained from this study with those from active geothermal systems.
2. To assess if it is possible to use the technique in order to discriminate between fluids which 
are boiling and those below their critical cui've; it has already been suggested that localities 
which contain populations of inclusions with vaiying phase ratios might represent boiling 
assemblages. Such an assemblage might be expected to possess high CO2 concentrations 
because this phase is strongly partitioned into the vapour phase.
Given below in Figure 5.14 are the results of 20 analyses performed upon calcite 
samples collected from the Clyde Lavas (see Appendix 6.1 for details).
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Figure 5.14 Triangular diagram illustrating the proportions of phases vyjthin ûüids.g,xtrac,tgd tom rngtadomain-calgiiss by. thsimal dscrgpitation
The relative proportions of the three main phases (water, carbon dioxide and 
non-condensables) are shown in this diagram. Full analyses as expressed both as moles per 
gram of calcite and relative percentages can be found in Appendix 5.2,
It can be seen from the diagram that the fluids present during the precipitation of
calcite within the metadomains appear to be fairly uniform in composition as expressed in
terms of the relative proportions of HjO, CO^ and non condensibles. Furthermore, all of the 
samples analysed are water rich with the relative proprtion of HjO ranging from 
approximately 70 to >95 %. However, some samples from widely spaced localities appear to 
contain significant quantities of non-condensible gases which may reflect input from organic 
matter within the sedimentary succession which was undergoing thermal maturation.
Using the data obtained from fluid extraction analysis it is possible to express CO;
concentrations within the fluid in terms of moles CO; per kg of water. Several studies
includng that of Arnorsson et al. (1983) have proposed gas thermometers on the basis that gas 
concentrations in geothermal fluids are controlled by temperature dependent equilibria with 
alteration minerals present within the reservoir rock. In Table 5.2 below compositional data 
is recalculated and expressed as moles CO; per kg of water is presented for each analysis.
101
Fluid inclusion evidence presented above indicates that fluid temperatures ranged from 
approximately 50 ”C up to 300 °C. Therefore, it is possible to express fluids present during 
calcite precipitation in terms of compositional and temperature variations as shown in Figure 
5.15.
Sample No. log molCOj/kg H2 O Sample No. log molCOj/kg H2 O
MglC 1.07 4A -0.04
C3 0.32 2A 1.07
2A 0.68 3B -0.17
3A 0.54 B5 0.43
C l 0.90 C6 0.33
4B 0.84 C7 1.14
X3 0.99 XI 0.73
Mug 2 0.81 MglA 0.24
Mug 3 1.10 HC5 0.12
HC 10 0.88 0.47
Table 5.2. Fluid compositions from metadomain calcites expressed as mol CQo/kg HoQ
Unfortunately, paired temperature-composition data was not available so only the range is 
shown. Also shown is data from Arnorsson and Gunnlaugsson (1985) which shows 
concentrations of CO; in geothermal reservoir waters. It can be seen that the CO; contents of 
fluids present during the precipitation of calcite within the metadomains are significantly 
higher than those predicted using the data of Arnorsson and Gunnlaugsson (1985), often by 
a factor of up to 10^ . This suggests that CO; concentrations within the geothermal fluid were 
not controlled by fluid-mineral equilibria but that an additional source of CO; was available. 
This might include CO; generated during the thennal maturation of organic matter within the 
sediments underlying the lavas.
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Figure 5.15 TcmDcraiure-C02 relationships in hydrothermal waters 
from a range in environments (Arnorsson and Gunnlaugsson. 1985)
Also shown is the approximate lemperature-compQsitiQnal range of 
metadomain fluids (stiPDled areal as determined from combined 
fluid inclusion-extraction analysis o f calcites.
Figure 5.16 shows how the ratio between CO; and non condensibles varies within
fluids present at the time of calcite precipitation.
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Figure 5.16 Compositional variation in the gas content of metadomaifl 
fluids present at time of calcite precipitation
It can be seen that at even at widely spaced localities the ratio CO; / non-condensible gases 
remains relatively constant. It is also apparent that the absolute concentration of both of these
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parameters differs markedly in that samples from High Craigton Quaiiy are more depleted 
in both CO; and non-condensible gases than samples collected south of the Clyde. It was 
stated earlier in this Chapter that fluid boiling is thought to have occurred at High Craigton 
Quarry on the basis of fluid inclusion evidence. Such a process would lead to an overall 
decrease in the concentration of dissolved gases in the residual fluid because of partitioning 
of gases into the escaping vapour phase as discussed by Giggenbach (1981). Such a process 
would also lead to calcite precipitation as discussed in Chapter 2 and also provides a possible 
explanation for observed variations in the absolute concentration of gaseous phases within 
metadomain fluids.
5.7 Conclusions
a. Analcime
Fluids present during the formation of analcime are typically of very low salinity and 
show a restricted range in temperature (180 to 220 °C). Mean homogenisation temperature is 
relatively high (203 °C). This fluid is unusual in that it appears to have transported significant 
quantités of hydrocarbon rich material, inferring that it came into contact with organic rich 
sediments during its history. If metadomains developed prior to burial, then a possible source 
rock may be the Ballagan Formation of the Inverclyde Group. Within the Campsie Fells these 
beds reach a maximum thickness of 500 metres (Francis, 1983). Upon heating the 
hydrocarbon material begins to change colour at approximately 230”C, which is similar to 
results obtained by Hall et al.(1989). This probably represents a maximum trapping 
temperature for the hydrocarbons. If the fluid did interact with the Ballagan Formation it 
would be expected that salinity would be markedly higher than that which is observed. This 
might not be the case if fluid residence time within the sediments was short.
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b. Calcite
Fluids present during deposition of calcite within the metadomains across the lava field 
typically apear to be Ca^ ,^ N a\ Cl' dominated brines which showing a very wide range of 
salinités (ranging from approximately 0 to 25 equiv. wt. % NaCl). These brines also show a 
wide range in temperatures, ranging from approximately 50 ”C up to 300 "C. It appears that 
these brines are actually a hybrid formed during the interaction and various degrees of mixing 
between two "end-member" fluids. One fluid appears to have been a connate brine at high 
temperature whilst the other appears to have been a low salinity, surface derived fluid which 
was progressively heated during advection through the lavas. The situation is further 
complicated since it appears that as weU as mixing there have been various degrees of boiling 
of the hybrid, possibly followed by further mixing. Such processes are found to occur 
throughout the shallow parts of geothermal systems worldwide. Following initial precipitation 
of calcite during metadomain activity there appears to have been a later fluid event, possibly 
related to burial of the lavas. This fluid is characteristically of low salinity and low 
temperature (estimates range from 80 to 110 °C).
Fluid extraction analysis provides a means of determining the absolute concentrations 
of gaseous components within fluids trapped at the time of calcite precipitation. CO; 
concentrations witliin fluids present during calcite precipitation aie higher than predicted using 
information from Arnorsson and Gunnlaugsson (1985) by up to a factor of 10^ . This suggests 
that CO; concentrations were not controlled by mineral-fluid equilibria but that an 
independent reservoir was involved. One possible source may have organic matter undergoing 
thermal decomposition within the underlying sediments which also appeal* to have supplied 
hydrocarbon material to the metadomain fluid. It also appears that physical processes such 
as fluid boiling also exert an influence on absolute gas concentiations within the hydrothermal 
fluid.
105
CH&ETEEÆSIMIE ISQXQEIg. ANALYSIS
 ï n t r o d w f t W n
Stable isotopes were analysed to determine the nature and origin of the fluid phase(s) 
which were present during metadomain activity. Craig (1956) demonstrated that most hot fluids 
(>95%) from geothermal systems world-wide are ordinary surface derived fluids. However, Hall 
et al. (1989) recognised two distinct alteration fluids present at Boyleston Quarry on the basis of a 
combined fluid inclusion and stable isotopic study. These fluids consisted of a relatively high 
temperature (>100 °C) surface fluid which appeared to have exchanged oxygen isotopes with hot 
igneous rock, and a lower temperature (c. 85 °C) surface derived fluid. Also, carbon isotopic data 
testified to the presence of organic derived CO2  within these fluids, which was consistent with the
concept that the fluids had interacted with sediment hosted organic matter at some stage in their 
evolution (also advocated in this study). However, evidence suggesting that inorganic carbon (eg. 
from limestone or seawater bicarbonate) was an important source during calcite formation was not 
found. This is unusual since carbonate rich sequences occur both above and below the lavas and 
Francis (1983) suggests that the area was subject to periodic marine incursion during the Dinantian.
Stable isotopic analysis, when combined with fluid inclusion data provides a powerful 
way of assessing fluid origins and history in hydrothermal environments. The aims of this study 
were:
1. To study the isotopic composition of carbonates which were found throughout the lavas. This 
could be used to examine critically the existence of two distinctive fluids at Boyleston Quarry. Is it 
possible that the findings of Hall et al. (1989) were real, or apparent because of a sampling bias? 
Analysis of material from other localities could be used to elucidate the nature of the fluid phase 
present during metadomain alteration across the lava field. Also, carbon isotopic results could be 
used to identify posible sources of carbonate carbon within the lavas.
2. To study paragenetically early analcime of hydrothermal origin recorded from metadomains 
within the Clyde Lavas. Recent studies by Karls son and Clayton (1990) suggests that the 
partitioning of oxygen isotopes between analcime and water are similar to those of calcite-water. 
Hence, estimates of fluid composition from analcime values could be derived from the
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calcite-water fractionation curve, given estimates of formation temperature from fluid inclusion 
studies.
3. To estimate the isotopic composition of the fluids found at differing times during metadomain 
development (analcime is always the first phase to form). Having established the nature of the 
fluid(s) responsible for the formation of each species, it then becomes possible to assess how fluid 
compositions may have evolved during metadomain development.
ûtZ -Th^ .Qr.e.tiç.ai JSasis
During water-rock interaction the final isotopic composition of a particular fluid is 
controlled by four fundamental factors:
1. The temperature of interaction.
2. The initial isotopic composition of the rock.
3. The isotopic composition of the hydrothermal fluid.
4. The water-rock ratio; the relative numbers of atoms involved in the exchange process; essentially 
a measure of hydrothermal intensity.
These factors are diseased in detail below. The following section deals briefly with the notation 
used in the measurement and interpretation of isotopic data and the basic principles of isotopic 
fractionation.
6.2.1 Notation and basic principles
The variations in the ratios (R) of heavy to light isotopes in minerals are measured on 
released gases by mass spectrometer. The relative variation in isotopic ratio can be measured more 
accurately and precisely than the absolute ratio, and is therefore measured, relative to an arbitary 
standard. For isotopes of oxygen the ratio is expressed relative to Standard Mean Ocean Water 
(SMOW) (Craig, 1961); for carbon the ratio is expressed relative to a belemnite from the Cretaceous 
Peedee Formation (PDB) (eg. Field and Fifareck, 1986).
Differences in ratio of the sample (R^) with respect to that of the standard (R ) are
expressed as deviations from the standard by del (Ô) values in parts per thousand (per mil or %o) as 
given by :
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5 18o ( %c) = (( % /R y ) - 1)/1 000 
The fractionation factor (a) quantifies the partitioning of isotopes between two species, where the 
species may be either minerals, waters or gases. The fractionation factor for two species is given by
Ot ab ~  (^ a  /  f^b)
Thus, it follows:
1 000 In a ab 6a - 6^
This approximation holds well for values < 10. It is common to find Ôa - referred to as 
^  a-b.
The extent to which an isotopic species fractionates between for example, a mineral 
and a fluid is dependent upon the vibrational frequencies of the species concerned. These in turn are 
controlled by the temperature at which interaction occurs. The various equilibrium fractionation 
factors between minerals and waters have been determined from theoretical considerations or 
empirical studies. Equilibrium fractionation equations for isotopic reaction pairs of geologically 
important compounds are readily available in the. literature (for example, Friedman and O'Neil, 
1977), These equations take the general form:
1 0 0 0  In a  = a ( 1 0 6  T '2 ) + b 
where a and b are coefficients characteristic of the reaction pair and T is the temperature in degrees 
Kelvin, Thus, given a knowledge of the temperature of interaction, it is possible to determine the 
isotopic composition of the fluid by measuring the isotopic composition of the mineral with which it 
equilibrated,
■6,2.2 Isotopic.composition of natural waters
Before discussion of isotopic interaction between minerals and fluid within the 
metadomains it is appropriate to define the isotopic composition of selected fluids which might be 
expected to occur within the context of the Clyde Lavas.
Figure 6.1 shows the range in isotopic composition of selected natural fluids and 
common rock types as defined by their hydrogen and oxygen isotopic signatures. Attention is
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drawn to the following fluids which are shown on the diagram.
1. Meteoric waters
Present day meteoric waters have §D and values which vary systematically (Craig,1963). The 
values of most surface waters are linearly correlated with 6 D such that ;
60 = 8 0^^0+10
Most meteoric waters which have not undergone extensive evaporation plot within a band up to +/-1 
per mil of this line (Sheppard, 1986). The values are dependent on geographic location. In general, 
meteoric waters become isotopically lighter with increased distance from the equator.
Mid latitude 
ocean waters
Approx. range 
in igneous rocksMeteoric 
Water Line'
-50-
SedimentsÎ
to
Organic WatersTrend in geotl ermal fluids
-150
-20 -10 0 10 20
6  0 ( % o )  SMOW
Figure 6.1 Stable isotopic composition of some natural fluids and 
common rock types (from Sheppard. 19861
Meteoric water can enter rocks as groundwater whose isotopic composition is similar to the local 
precipitation. This may not be the case in arid regions where its composition may be modified by
evaporation processes. Fallick (pers.comm.) has suggested that the local value for
Carboniferous meteoric water was approximately 0%o. This is consitent with a sub-equatorial 
palaeo-latitude for the Midland Valley during the Lower Carboniferous as suggested by Francis 
(1983).
2. Oceanic waters
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These are defined by Sheppard (1986) as waters of the open oceans and seas having direct contact 
with the oceans, thus excluding intracontinental seas. It is thought that the most profound control on 
overall isotopic composition is the volume of isotopically light water held within the polar ice caps. 
On Figure 6.1 SMOW (Standard Mean Ocean Water) is defined as having both a hydrogen and 
oxygen isotopic composition of 0  %o.
3. Formation (connateWaters
Sheppard (1986) defines formation waters as those found within interstices and pores within 
sediments implying no connection with their age or origin. Taylor (1974) notes that waters initially 
termed connate i.e. waters trapped within sediments at the time of their formation, frequently 
contain large quantities of meteoric water which have been flushed through palaeo-aquifers. These 
waters are frequently of high salinity because of evaporite solution during transport.
The range in values of fluids recovered from sedimentary basins is very large
(-20 to 10 %o). Ohmoto (1986) points out that low salinity, low temperature brines have the lowest 
§18o values, whilst the reverse is true for higher temperature, high salinity fluids. The final 
value will be controlled to a large extent by the type of sediment encountered by the fluid, as well as 
fluid temperatures. For example there is a large potential for exchange within a reactive 
carbonate-rich sequence, whilst the potential for exchange with silica-rich sediments will be limited, 
especially at lower temperatures.
4.0rganic waters
Sheppard (1986) also distinguishes organic waters as those whose ÔD value is controlled by 
transformation and maturation of sedimentary organic matter. The values of such fluids are 
controlled by the O-isotopic composition of the host rocks and temperatures of exchange.
6.2.3 Geothermal fluid compositions : Oxygen isotopic exchange
Sheppard (1986) points out that water from most geothermal systems is of surficial, 
rather than deep seated origin. However, the composition of many of these fluids is modified due 
to interaction with host rocks, usually at elevated temperatures. Craig et al. (1956) showed that the
ÔD values of these fluids were in most cases identical to those of the local surface waters. This is
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interpreted as being due to the fact that even though hydrogen isotope exchange is occurring, the 
system as a whole is buffered by the isotopic composition of the fluid phase. This is because the 
amount of hydrogen in rocks is much less than that in water.
In contrast the values of geothermal waters are often significantly higher than
that of the local meteroic water. This increase in value of the fluid is termed exchange, 
reflecting isotopic interaction between heated surface waters and enriched rocks. Generally, 
the largest shifts occur in the hottest, most saline fluids, though the magnitude of the exchange is 
highly variable. Figure 6.2 illustrates the magnitude of this exchange for a range of geothermal 
systems. It can be seen that at Wairakei (New Zealand) there is a general lack of exchange which is 
attributed to high water-rock ratios. The pronounced shift at Niland (Salton Sea geothermal area) is 
thought to be due to high temperature (c.300®C), rapid fluid exchange with fine grained carbonates. 
Similarly, fluids from Lanzarote show a shift of approximately +15 %o.
Lanzarote (320) +14.7
+ Wairakei (268)
—  Reykjanes (Iceland) (240)
Broadlands (298)
-50-
Salton Sea (320)Î-100 Steamboat Springs (187)S Yellowstone-150 - Primary magmatic 
water
-200
-15-20 -10 5 0 5 10
Ô 0(%o) SMOW
; Figure 6.2. Isotopic composition of geothermal waters compared 
■with the composition of local meteoric waters (marked+). Figures 
in brackets indicate temperatures in °C (Sheppard. 1985).
It is often found that rocks in many active and extinct geothermal systems are highly depleted in 
relative to normal rocks. For example, although unaltered igneous rocks worldwide display a 
restricted range in oxygen isotopic composition (typically +5.5 to +10.0%o), within the Scottish 
Tertiary volcanic centres the average depletion in 1^0 is approximately 6-7 %o within rocks that have 
undergone exchange with meteoric groundwaters (Taylor and Forester, 1971). This is because any
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1 enrichment within the circulating geothermal fluid is offset by a corresponding depletion in 
1 ^ 0  within the country rocks.
Isotopic compositions of acidic hot springs such as those found at Yellowstone often
display lighter ÔD signatures than their local meteoric equivalents. This is due to kinetic effects 
associated with boiling and evaporation. Truesdell and Nathenson (1977) calculaled that single 
steam separation from 250 °C to 95 °C i.e. the vapour phase remains in contact with the liquid over
this temperature range, results in increases in Cl, 10^ In and 10^ In aD  of 1.44 times, 1.75
% o  and 9.1 %o respectively. These latter two values are much reduced for continuous steam 
separation which involves continuous removal of each steam fraction as it forms.
iL3-,CaiMP-^ i§<;>lC!.g,g, syst^ tnatigis,
6.3.1 Causes of isotopic variation
Variations in the isotopic composition of carbon bearing species found within nature 
are principally due to redox reactions. The major carbon bearing compounds within the geological 
environment are wide ranging, being both organic and inorganic in origin. Within such compounds 
carbon occupies a number of valency states, such as C^- within organic compounds to C^+ in 
cai'bonate minerals. A large number of physiochemical and biological mechanisms control the 
oxidation state of the carbon and large kinetic isotope effects are associated with these processes,
especially reduction which results in large A values between the oxidised and reduced species. For 
example, Hoefs (1980) in Ohmoto (1986) suggests that the bacterial reduction of seawater 
bicarbonate to form methane results in a depletion of approximately 1 1 0  %o within the reduced 
species. There is a tendency for preferential enrichment of the heavier isotope within the compounds 
possessing carbon in a high oxidation state. Therefore, under equilibrium conditions
carbonate > graphite > methane.
Attention is drawn to the following types. Further details are given in Ohmoto (1986).
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6.3.2 Isotopic,variations within carbon bearing species
Attention is drawn to Figure 6.5 which shows the isotopic compositions of the main 
carbon bearing compounds within the near surface geological environment together with the values 
determind for carbonates from the Midland Valley following a number of independent studies.
Dissolved carbonate within the oceans (mostly as HCO3 ") has values neai' 0%o whilst 
of modem marine limestone ranges from approximately -1 to +2%o. Phanerozoic marine limestones
show a slightly greater range in from -2 to +A%o. The similarity in between dissolved 
carbonate and limestone suggests isotopic equilibrium between the two and the cluster of values 
around Q%o is to be expected since the carbon standard (Peedee Belemnite) is of marine derivation.
Freshwater limestones are generally characterised by slightly lighter values because of a
larger contribution from CO2  generated by the oxidation of organic matter within the environment.
Fluids may acquire carbon from dissolution or decarbonisation of carbonate rich 
rocks. Ohmoto (1986) concludes that the carbon isotopic composition of the fluid will depend upon
: 1) The value of the rock. 2) The relative proportions of the aqueous carbonate species. 3) 
The degree of isotopic fractionation between carbon bearing species within the fluid and carbonate 
minerals.
4) The extent to which the carbonate minerals decompose. If equilibrium between the aqueous 
species and the carbonate minerals is not established dissolution or decarbonisation may proceed 
without any isotopic effect upon the fluid.
Fractionation which results from the uptake of hydrospheric and atmospheric 
inorganic carbon via photosynthesis to form organic carbon leads to a marked depletion in the
isotopic composition of both marine and land plants. The value of marine organic carbon
varies between -30 and -10 %o with a mean value of approximately -22 %o. Mean for 
ten'estrial organic matter is slightly lower at -26 %o (Ohmoto, 1986). Reduction of HCO3 " to CH4
by bacteria at the sediment-water interface can lead to extreme depletions producing values 
ranging between -55 to -110 %o.
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Hunt (1979) indicates that the production of thermogenic CO2  from sedimentary organic matter 
commences at approximately 50 °C. It is thought (Ohmoto, 1986) that the value of CO2  
produced in this manner is very similar to that of the parental organic matter. However, CH4  
generated primarily by thermal cracking of aliphatic groups above 100 °C (Hunt, 1979) shows
depletion in the heavier isotope with values ranging between -35 to -55 %o. Therefore, as 
diagenesis continues the net effect is to produce residual organic matter which becomes 
progressively enriched in
6.3.3 Carbon bearing species in the hydrothermal environment
Field and Fifarek (1985) show that carbon bearing species within hydrothermal
environments show a relatively restricted range in values ranging from approximately - 2 0  to 
+2 %o (PDB). Calcites recovered from geothermal areas show a slightly narrower range from -15 to 
+ 1  %o as shown in Figure 6.5. Variations in the isotopic composition of oxidised carbon bearing 
species can often be attributed to variations in the relative contributions of multiple sources. For 
example, calcites recovered from drillcores within the Yellowstone geothermal area exhibit a 
restricted range in carbon isotopic composition from -4 to -1 %o (Keith and Muehlenbachs, 1990). 
This is attributed to equilibration with fluids having dissolved bicarbonate ranging from -2 to 0 %o. 
However, Sternfield (1981) suggests that the wide variation in isotopic composition of individual
oxidised carbon species within the Geysers geothermal system (for example calcites with 
values ranging from -15 to +1 %o) is due to input from biogenic, marine and magmatic carbon in 
igneous and sedimentary host rocks at differing times during geothermal development. Extreme
depletions in the values of carbon bearing species is often attributed to interaction between 
hydrothermal fluid and organic matter hosted within sediments. For example, Kesler et al.(1981)
report values as low as -25 %o (PDB) for carbonaceous material recovered from a
volcaniclastic horizon within the extinct Pueblo Viejo hydrothermal system.
Ohmoto (1986) suggests that the exchange of carbon isotopes between species 
occupying the same valency state (eg. HCO3 " CO2 ) is sufficiently rapid to allow equilibrium to 
be established. Sturchio et al. (1990) suggest that calcite will exchange carbon isotopes with
114
hydrothermal fluid relatively rapidly at temperatures as low as approximately 120 °C. However, 
several studies such as that by Welhan (1988), suggest that within most hydrothermal systems
equilibrium between species in which carbon occupies differing valency states (eg. CH4  and CO2 )
is not attained. Data reported by Ohmoto (1986) for several independent studies of active
hydrothermal systems worldwide all show that A (CO2 -CH4 ) observed < A (CO2 -CH4 ) predicted for 
systems where fluid temperatures are less than 300 °C confirming that equilibrium is not attained. If 
exchange rates are extremely slow then the carbon bearing species will retain its isotopic signature 
during transport from source to site of deposition. Therefore, wide variations in the carbon iotopic 
composition of carbon bearing species within hydrothermal systems where fluid temperatures can 
be demonstrated to be less than 300 °C are likely to be due to variation in the source of carbon. For
example, M^Keag et al. (1989) suggest that carbonates with values ranging from
approximately -1 to -12 %o (PDB) found within graphitic schists at the Macraes hydrothermal 
system, New Zealand periodically received varying quantities of carbon from the surrounding 
schists.
Given the value of a particular carbonate mineral it is possible to determine the 
composition of the fluid with which the carbonate equilibrated based on fractionation factors 
between the mineral and dissolved carbon bearing species (such as bicarbonate). This is because 
fractionation temperatures are a function of temperature. Thus the following approximation is made, 
based on the assumption of equilibria amongst species of equal valencies:
C0 2  = 8 l3 c  carb. min. '  ^  carb. min. - H2C03 (Ohmoto, 1985)
This type of approach is adopted in Section 6.5 below. Alternatively, if it can be demonstrated that 
equilibrium between carbon species with varying valency states has not been achieved (a reasonable
assumption at fluid temperatures below 250 °C) q 02  values can be used directly to estimate
the source of carbonate carbon using the criteria outlined in Section 6.3.2,
6.4 Sample preparation and experimental techniques
Mineral samples were selected from metadomains across the Clyde Lavas (full details
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are given in Appendix 6.1). Selection criteria were based mainly on mineral availability, the 
majority of the samples coming from Boyleston Quarry where analcime mineralisation is 
widespread. However, within this locality care was taken to collect samples from a wide range of
representative vein and amygdale localities. For calcite, analysis of CO2  released following reaction
with phosphoric acid was carried out whilst for analcime, oxygen isotopic analysis was performed 
on framework oxygen. Full details are discussed below.
1. Calcite
Samples were selected and handpicked from metadomains across the lavas, particular 
interest being paid to those samples which were found in close proximity to analcime. Samples 
were powdered to approximately 50 |im and purity was checked using XRD analysis. Of particular 
concern was the possibility of a discrete dolomitic component being present. Therefore, following 
the method described by Hutchison (1973) the position of the main calcite (001) peak was 
accurately measured. This was carried out by "spiking" each sample with Analar NaCl whose peak 
position was accurately known. The location of the carbonate peak on the XRD trace is a function 
of the degree of contamination by magnesium. For this study it was found that replacement of 
calcite by dolomite was extremely low (<2 %).
Isotopic assay on calcite was carried out on CO2  released following reaction for a
minimum of 3 hours with phosphoric acid at 25 °C. Machine conditions are the same as those 
quoted for oxygen analysis. All carbon isotopic ratios are reported relative to PDB.
2. Analcime
Mineral separates were handpicked from veins and amygdales within metadomain 
basalts. Care was taken to remove any traces of carbonate material. Initially, samples were left 
overnight in 0.1 M HCl in order to remove any traces of carbonate. However, it was found that this 
procedure caused gélatinisation of the analcime and shifting of the characteristic XRD peaks to 
higher angles. Therefore, it was decided not to use this method. Prior to final crushing to less than 
75 |Ltm (<200 mesh) purity was confirmed using XRD analysis.
Karlsson and Clayton (1990a) demonstrate that only framework isotopic ratios may be 
used to constrain analcime formation temperatures and fluid compositions. In an accompanying 
paper Karlsson and Clayton (1990b) show that channel waters are inherited from the meteoric 
waters at the site of collection, since these waters plot near the meteoric water line and vary 
systematically with the latitude of the sample site. Therefore, in order to analyse the isotopic
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composition of the analcime framewok oxygen it first necessary to remove all channel waters from 
the sample by dehydration,
Karlsson and Clayton (1990b) suggest that optimum dehydration conditions are those 
which allow complete dehydration at the lowest possible temperature over a reasonable length of 
time. They suggest dehydration under vacuum (--lO"^ torr) lasting for Ito 5 hours to a maximum of 
450 °C, with a heating rate of 2-4 °C min "1. A pilot study was carried out at St. Andrews using 
fluid extraction apparatus in order to confirm total removal of channel water at 500 °C. This 
consisted of heating approximately 20 mg of powdered sample at a rate of approximately 5 °C min 
under vacuum and recording pressure readings at 1 minute intervals. The results of this run are 
illustrated on Figure 6.3 below and confirm that dehydration is complete at approximately 500 °C. 
Dehydration is always carried out outside the fluorination line, since the walls of the reaction 
vessels are coated in hygroscopic fluoride compounds which readily absorb water. Typically 10 mg 
of powdered sample was dehydrated under vacuum to 450 °C for a minimum of 2 hours. Prior to 
dehydration the samples were degassed under high vacuum overnight.
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Figure 6.3 Cumulative water pressure-temperature plot illustrating the dehydration behavour of analcime from the Clvde Lavas
Stable isotopic analysis of silicates and carbonates was carried out at the Isotope 
Geology Unit, SURRC under the supervision of Dr A.E. Fallick. Oxygen was extracted from the 
dehydrated analcimes using the fluorination technique of Borthwick and Harmon (1982). This
involves reaction with CIF3  at 670 °C for 12 hours. Prior to fluorination samples were heated
under vacuum to 200 °C and pre-fluorinated to remove any remaining moisture. Following gas 
collection, isotopic analysis was earned out using a VO SIRA 10 mass spectrometer calibrated
117
against NBS 28 (5^^0 = +9,60 relative to SMOW). All results are quoted relative to SMOW. 
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6.5.1 Calcite isotopic compositions
Combined carbon and oxygen isotopic analysis for 53 calcites are presented in Table
6.1 below. All analyses are given in per mil. Sample locations are given in detail in Appendix 6.2.
Sample Yield 8l80(SM0W ) 5l3C(PDB) Sample Yield S^^O(SMOW) 813C(PDB) 
(jiM m g'l) (jxMmg'l)
OL 8.33 +18.56 -&93 WF5 4.79 +20.85 -12.59
WF8 6 . 0 2 +20.14 -12.08 WF2 7.34 +18.98 -7.43
S5 6.14 +2 0 . 8 6 -11.05 S3 6.64 +19.37 -6.60
B2 7.05 +21.35 -10.75 WF4 7.55 +26.35 -8.03
0 2 7.06 +2 2 . 0 1 -7.77 B1 7.76 +18.68 ■1 0 . 2 1
S7 5.44 +20.50 -10.85 E2 9.24 +21.07 - 1 2 . 6 8
C5 18.87 +22.74 -10.35 SI 7.23 +2 2 . 1 2 +0 . 2 2
CM 7.93 +20.96 -10.47 03 +22.56 -10.19
S6 6.99 +2 1 . 8 8 - 1 0 . 6 6 WF4i 7.32 +21.15 -11.16
WF42 5.16 +21.34 -8 . 2 1 0 2 i 5.21 +20.89 -8.94
WF6 5.20 +23.82 -2.34 CV8 6 4 7.35 +21.40 -10.98
MQ 6.75 +17.99 -14.01 HCIO 6.45 +16.42 -1.31
MglB 7,14 + 17.49 -15.54 CPLl 6.56 +18.24 0.31
CV8 6 i 7.25 +22.91 -10.83 HCnis3 7.94 +16.87 -10.87
HCmsB 8 . 1 1 +18.68 -10.51 HC9 6.89 +15.99 -10.32
HC5 8.13 +17.94 -10.47 MQl 7.39 +15.67 -2.48
HCl 7.26 +21.94 -10.79 Mug2 5.84 +19.29 +1.18
AP3 9.11 +17.71 -19.63 HCN2 7.84 +17.59 -10.51
HCms2 8 . 0 0 +17.93 -10.67 BCms4 7.46 +17.87 -11.03
CV8 6 7.68 +21.36 - 1 0 . 8 6 Mug3 8.23 +15.61 -17.98
HCN5 8 . 1 0 +11.36 -3.99 BCmsA 7.74 +12.24 -11.53
HCNl 7.44 +16.65 -10.79 MglA 7.78 +18.17 -12.08
HCmsS 7.64 + 18.08 -10.69 HC8 6.51 +20.03 -10.25
LI2A 7.58 +22.83 - 1 2 . 2 1 LI2B 7.54 +19.09 -11.53
LBC25 4.33 +20,07 -10.79 LC5 7.44 +2 1 . 8 6 -10.93
LB6 6.75 +23.09 - 1 0 . 6 8 LC8 4.84 +19.08 -11.06
LBl 6.38 +22.03 -11.31
Table 6.1 Carbon and Oxygen isotopic data for calcites from the Clyde Lavas
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Mean yield is 7.26 |iM CO2  per mg of calcite (with a standard deviation of 1.97) 
which is less than the ideal 9.99. There is no correlation between either carbon or oxygen isotopic 
composition and yield. Also there is no relationship between mineralogical description and isotopic 
composition. Precision is controlled by isotope heterogeneity within individual samples and can be
checked by duplicating analyses. This approach gives an estimate of = +/- 0.9 %o for oxygen 
isotopic analysis.
. .^5. .^..Pj,§.çu,ssi9.n.9f..,çacb9Datg is.o:taaig analysis
1 . Combined carbon and oxygen results
Figure 6.4 is a plot of (%o SMOW) against Ô^^C (%oPDB) for carbonates from 
this study and also that of Hall et al. (1989) and Evans (1987). From the diagram it appears that 
except for the study of Hall there is no correlation between the two variables for each individual 
group. However, for certain groups including samples from Langbank (Port Glasgow), Boyleston 
Quarry (excluding Hall's investigation) and High Craigton Quarry, there is a much narrower range 
in carbon isotopic values relative to oxygen.
2. Carbon isotopes
The carbonate Ô^^C data reported in this and other studies of Clyde Lava carbonates 
are generally low in comparison to geothermal carbonates worldwide (for example Hall et al., 1989
record ô^^C as low as -42 %ofor samples from Boyleston Quarry). Samples collected from 
localities north of the Clyde (High Craigton Quarries, Campsie Glen) range from +0.3 to -19.6 %o, 
whilst localities south of the Clyde (Boyleston Quarry, Langbank Cutting) range from -0.2 to -12.6 
%o. These data are summarised in Figure 6.5 together with data obtained from several independent 
isotopic studies of carbonates from the Midland Valley.
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Figure 6.4 Range in carbon and oxygen isotopic compositions of hydrothermal 
calcites from the Midland Valiev Lavas. (East Midland Valiev data from Evans. 1987)
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Geothermal calcites
Marine Phanerozoic limestones 
Modem marine limestones/ dissolved carbonate
Marine organic carbon / thermogenic CO 2
Thermogenic methane from organic matter 
North Clyde calcites ---------------------
Boyleston Quarry calcites
Langbank Cutting calcites -----
Hall et al. (1989) / Boyleston Quarry
Evans (1987) / East Midland Valley calcites from burial metamorphic zones —
Searle and Fallick (1990) / calcites within Dinantian limestones and associated volcanics
Figure 6.5. Variation in carbon isotopic compositions of 
Midland Valiev calcites. Also shown is the isotopic composition 
of carbon bearing species in the near surface environment 
(Field and Fifarek. 1986, Ohmoto, 1985)
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Hall et al. record values of ranging from -9.7 to -42.7 %o for calcites from
Boyleston. Evans (1987) reports values for calcites from burial metamorphic zones in eastern 
Midland Valley volcanics ranging from approximately -12 to +1 with a mode of approximately
- 8  %o. Searle and Fallick (1990) report values of for calcite cements within Dinantian 
limestones from East Fife which range from approximately + 1  to - 6  %o, with a modal value of
approximately -1 %o. They also report values of between -5 and -9 %o for calcite viens within 
Dinantian volcanic vents from the same localities.
The diagram above fails to illustrate fully the variation in the distribution of data points 
within one individual population of calcites. In order to address this problem data can be grouped 
on the basis geographical location allowing a comparison to be made of carbon isotopic population 
distributions across the Midland Valley Lavas. It is possible to sub-divide into the following groups 
as shown in Figure 6 .6 :
1.North Clyde Group; includes samples from High Craigton, Mugdock Quarry and Campsie Glen.
2. South Clyde Group; includes samples from Boyleston Quarry (from this study and that of Hall 
et al., 1989) and Langbank Cutting.
3. East Midland Valley Group; includes those reported by Evans (1987) comprising calcites from 
burial metamorphic zones in eastern Midland Valley volcanics.
^  South Clyde 
North Clyde 
E, Midland valley
to-42%0
B  . pa , B  , *1 —•***" I
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Figure 6 .6 . Histogram showing the distribution of 
carbon isotopes within calcites from the 
Midland Valiev.
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It is clear from the above diagram that across the Cyde Lavas there is an overall 
uniformity in the carbon isotopic composition of hydrothermal metadomain calcites; populations 
from widely spaced outcrops both north and south of the Clyde have very strong modal values at 
approximately -10 to -11 %o (PDB), However, data from Evans (1987) presented above shows that 
calcites from burial metamorphic zones from the East Midland Valley are characterised by slightly 
heavier carbon isotopic compositions. It is also upteworthy that samples from the Clyde Lavas 
which possess heavier isotopic signatures are generally collected from outside the metadomains.
When addressing the question of possible carbon reservoirs in the local geological 
column it is important to assess the degree to which equilibrium has been achieved amongst 
differing carbon bearing species present within the hydrothermal fluid. It was stated in section 6.3 
that within low temperature hydrothermal systems, such as those within the Clyde Lavas (c.<250 
°C), equilibrium between carbon bearing species (particularly those pairs in which carbon 
possesses differing valencies such as CO2  and CH4 ) is thought not to have been attained. This is
because measured fractionation factors between CO2  and CH4  within geothermal systems where
temperatures have been accurately measured are less than those expected from theoretical 
considerations. Ohmoto (1986) suggests that where measured fluid temperatures are less than 250 
°C then the geothermal fluid can be considered as a non-equilibrium system with respect to carbon
isotopes and therefore Ô^^C CO2 can be used directly to estimate the source of carbonate carbon. 
This is because the carbon bearing species will have preserved its original isotopic signature during 
transport from source to site of deposition due to low fluid temperatures. A possible test is to 
compare the isotopic composition of metadomain calcites (whose formation temperature has been
estimated using primary fluid inclusions) with calculated values for calcite in equilibrium with
dissolved bicarbonate assuming a realistic range of values. This approach is adopted in Figure
6.7, the values of dissolved bicarbonate ranging from +2 to -2 %o, consistent with a 
sedimentary marine carbonate source. These values were calculated according to the combined 
HC0 3 ‘’(aq)-C0 2 (g) (Mook et al., 1974) and C0 2 (g)-calcite (Bottinga, 1968) fractionation factors 
as given by Sturchio (1990). Thus;
1 0  ^ In abicarb.-calcile = -2.99(106 T-2)-1.89(1Q3T-1)+21.6
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It can be seen that there is disparency between the calculated calcite values and those which 
are observed, suggesting that calcite was not in equilibrium with dissolved sedimentary bicarbonate 
within the metadomains. This is in marked contrast to many other studies, including that of Sturicho 
(1990) who found that calcites from Yellowstone drillholes are generally near isotopic equilibrium 
with dissolved inorganic sedimentary carbonates over similar temperature ranges to those obtained 
from fluid inclusion studies within the Clyde Lava metadomains.
Figure 6.7 shows that over the temperature range of calcite formation deduced from 
fluid inclusions (c. 50 to 200 °C), most calcites from the Clyde Lava metadomains were not in 
equilibrium with dissolved sedimentary bicarbonate within the metadomains. However, some 
samples, especially those from outside metadomain localities, and those from the East Midland 
Valley burial metamorphic zones are characterised by heavier carbon isotopic signatues, ranging 
from approximately -9.5 to +0.5 %o.
Figure 6.7 shows the range in formation temperature and carbon isotopic composition 
of samples from Eastern Midland Valley burial metamorphic zones (Evans, 1987) and indicates that 
they may well have been approaching equilibrium with sedimentary bicarbonate over this 
temperature interval. If, as was implied in Chapter 5, metadomain development preceded burial 
metamorphism it can be concluded that the carbon reservoir which was active during geothermal 
activity had become less active during burial, and had ceased to be an important source of carbon 
for calcite formation. During burial, carbon was supplied either from inorganic sedimentary or 
seawater carbonate.
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Figure 6.7 Isotopic composition of calcites vs. formation temperatures from fluid inclusions (diamonds for this studv. squares from Hall et al. 19891. Solid lines define isotopic composition 
of calcites in equilibrium with dissolved bicarbonate having constant isotopic composition
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The similarity in the distribution of carbon isotopic signatures from metadomains 
across the Clyde Lavas suggests a single, relatively homogeneous carbon reservoir during 
metadomain acitvity. Strong modal values between -12 and -10 %o (PDB), together with lighter 
values up to -19 %o testify to the importance of organic derived carbon dioxide as a source of 
carbonate carbon for most of the calcites studied. Also, Hall et al. report values of -42.7 %o for 
calcites from Boyleston Quarry indicating that thermogenic, organic derived methane has acted as a 
source. However, values as low as this have not been observed in this study. A possible source of 
organic carbon within the local succession may be the Ballagan Formation which forms part of the 
Inverclyde Group beneath the lavas, and reaches a thickness of 500 metres in the Campsie Fells 
(Francis, 1983).
The relative uniformity of carbon isotopic compositions could be explained if it is 
assumed that the carbon reservoir had been active prior to calcite formation, especially since 
hydrocarbons are found within earlier formed analcimes from Boyleston Quarry. If CO2  generation 
was occurring prior to calcite formation (this seems likely since the thermal decomposition of 
organic matter commences at approximately 50 °C (Hunt, 1979)) then early formed CO2  would 
have a lighter isotopic signature than that which existed at the time of calcite precipitation because 
progressive maturation of organic matter causes the residual kerogen to become preferentially 
enriched in (Ohmoto, 1986). This also may explain why the data trend towards the heavier end
of the organic carbon field, given that mean values for marine and terrestrial organic matter 
prior to thermal maturation are - 2 2  and -26 % o  respectively (Ohmoto, 1986). It should be noted that 
this approach excludes the possibility that the carbon bearing species produced at differing times 
during maturation of organic matter differ both in their composition and isotopic signature.
3. Oxvgen isotopes
Calcite oxygen isotopic ratios for calcites from the Clyde Lavas range from +11.4 to
+26.3 % o (SMOW), with a mean of +19.56 % o (standard deviation = +Z-2.77 %o). There is no 
correlation between temperature of formation and isotopic composition for those samples which 
also have fluid inclusion material available. This is also the case for the study of Hall et. al. (1989)
Evans (1987) reports oxygen isotopic values ranging from approximately +22 %o to
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+17 %o for volcanic hosted calcites from the Midland Valley and suggests that composition is depth 
(temperature) controlled since values decrease with depth in the volcanic succession. Schmidt
(1990), also notes a decrease in calcite values ranging from +25 to +5 %o over the transition 
from zeolite to lower greenschist facies within olivine tholeiites of the Keweenawan Plateau Lava 
Province, Minnesota.
Oxygen isotopic variability results from differing host rock isotopic compositions, 
differing hydrothermal fluid isotopic compositions and differing temperatures of interaction (Field 
and Fifarek,1986). Common marine sedimentary rocks are generally enriched in 1^0 and also have 
a wide range in isotopic composition relative to igneous rocks as shown in Figure 6.1 (-+10 to +40
%o compared to ~+5 to +12 SMOw)- Therefore, minerals precipitated in sediment hosted 
geothermal systems commonly show enrichment in whilst those precipitated in volcanic hosted 
systems have "lighter" isotopic signatures. For example, hydrothemial calcites from carbonate
hosted rocks within the Salton Sea geothermal system have values greater than +20 %o 
(Williams and Elders, 1984), whilst those found within the volcanic hosted Broadlands geothermal
system (New Zealand) have values ranging from approximately -5 to -10 %o SMOW (Clayton 
and Steiner, 1975). Clearly calcites from the Clyde Lavas have oxygen isotopic signatures which 
suggest a sedimentary source yet they are hosted within volcanic rocks. Therefore, it appears that 
they have precipitated from a fluid which has interacted with a sediment during its history. This 
question is addressed more rigorously in the following section.
At Langbank Cutting there is a reasonable correlation between calcite oxygen isotopic 
composition and distance from the top of the flow boundary (Pearson’s r = 0.74) as illustrated in 
Figure 6 . 8  below.
Calcite oxygen isotopic compositon ranges from +19.0 %o immediately below the flow 
horizon where there is a significant degree of alteration, to +23.0 %o within relatively fresh basalt at 
a distance of 15 metres from the flow top. It has been shown in Chapter 4 that the degree of 
alteration decreases with increased distance from, the flow boundary as evidenced by changes in 
basalt chemistry. M^ Keag et al. (1989) also note increased calcite oxygen isotopic ratios with 
distance from mineralized zones within the schist-hosted Au-W deposits of East Otago, New 
Zealand.
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Figure 6 . 8  Variation in calcite isotopic composition with distance 
from flow boundary at Langbank Cutting (Port Glasgow!
Within this system isotopic variation is attributed to a progressive decrease in fluid temperature 
with increased distance from the mineralized zone. A range in oxygen isotopic composition of 4 %<? 
at Langbank due to changes in fluid temperature is clearly possible since fluid temperature estimates 
based on fluid inclusion studies (see Chapter 5) range from 80 to 180 °C. Based on calcite-water 
fractionation data from Friedman and O'Neil (1977) a systematic temperature decrease from 180 to 
80 °C is capable of producing a fractionation of approximately 6  %o.
6.5.3 Analcime isotopic analysis
Oxygen isotopic analysis for 21 analcimes are presented in Table 6.2 below. Sample 
locations are given in detail in Appendix 6.1. Repeat analysis of sample OL gave a result of 
+20,94%o giving an estimate for precision of approximately +/- QA%o,
Sample No. SMOW
S4 +22.84SI +18.91WF6 +20.70OM +20.08OL +20.57CV8 6 +24.40WF3 +19.99WF2 +19.50HCA +19.93S6 +2 0 . 1 1El +22.46HCB +29.01S41 +24.12
126WF4 +19.56ZI +20,65S2 +19.93S61 +27.61
OLl +22.62E3 +22.00WF31 +30.80W Fll +22.80*USMN-R967 +17.7**UCB-16658 +20.4
* from Karlsson and Clayton (1990)b; massive analcime from Old Kilpatrick, Dumbarton.
** from Luhr and Kyser (1998); veinlet forming analcime from Kilpatrick Hills.
Table 6.2 Oxvgen isotopic data for analcimes from the Clvde Lavas
Yields range from 2.37 to 13.99 fxmol 0% mg-1 dehydrated analcime, with a mean of 
6.25 and standard deviation of 2.79. Calculation indicates that this value should be 14.84 jimol 
mg" 1 using the formula NaAlSi2 0 6  for dehydrated analcime. It is noted that yields quoted for
dehydrated analcime carried out by Kaidsson and Clayton (1990b) always approach the ideal O2
yield of 14.84. These authors do not report pre-fluorinating their samples prior to oxygen 
extraction, though all other experimental details are similar. Therefore, it appears that 
pre-fluorination may cause partial loss of framework oxygen, since dehydration does not affect the 
framework oxygen isotopic composition of analcime (Karlsson and Clayton, 1990b). However, 
since there is no correlation between yield and isotopic composition, and because the range in 
isotopic compositions reported in this study is similar to that reported for hydrothermal analcimes 
worldwide (reported by Karlsson and Clayton, 1990b), it appears that pre-fluorination in the 
experiments reported here does not significantly affect the isotopic composition of the analcime.
6.5.4 Discussion
Oxygen isotopic compositions range from +18.91 to +30.80 %o (SMOW). There is a 
moderately tight cluster between +19 and +23 % o  (SMOW). Mean isotopic composition is +22.3 
% o , with a standard deviation of 3.2 % o . This population is illustrated in Figure 6.9. Two samples
(from Boyleston and High Craigton Quarries) give the highest ô^^O value for analcime framework 
oxygen thus far reported at 30.80 and 29.01 %o  (SMOW). Also shown on the diagram aie two
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independent analyses which are reported above in Table 6.2.
Karlsson et al. (1985) first suggested that there is a negative correlation between 
of the analcime framework oxygen and the temperature at which it formed. Subsequent studies by 
Karlsson and Clayton (1990a) and Karlsson and Clayton (1990b) reinforce this concept. They
show that analcimes formed at lower temperatures have high Ô^^O, whilst those formed at higher
temperatures have low Low temperature analcimes they term "sedimentary" and have 
ranging from +16.6 to +24.5 %o (SMOW); high temperature analcimes are termed "igneous" and
have ranging from +8.7 to +14.3 %o (SMOW). Analcimes which possess intermediate values
(actually +4.4 to +26.6 %o (SMOW)) are thought to owe their origin to hydrothermal processes. 
Framework oxygen isotopic ratios should not be regarded as unequivocal evidence of an igneous,
hydrothermal or sedimentary origin since there is a degree of overlap between the 6  ^^ O values of 
each group.
I « This studyKarlsson and Clayton (1990) Luhr and Kyser (1989)
T26 28
5 0 (%o)sMow dehydrated analcime
Figure 6.9 Range in isotopic composition of dehvdrated analcimes from the Clvde Lavas
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It can be seen from Figure 6.9 that analcimes from the Clyde Lavas have values 
ranging from approximately +17 to +30 %o (SMOW). Clearly the majority of these samples satisfy
hydrothermal criteria as outlined above. However, several samples have values greater than
+23%o (SMOW) implying a lower temperature ("sedimentary") origin. Unfortunately however it has 
proved impossible to obtain an independent estimate of individual sample formation temperatures 
because of a lack of suitable fluid inclusion material. It is noteworthy that samples collected within
close proximity to one another (of the order of metres) possess wide ranges in values
suggesting that analcime did form over a considerable temperature range.
Sedimentary analcimes used in the study of Karlsson and Clayton (1990b) were 
collected from Tertiary saline lakes in California, Wyoming and Arizona where it is thought that 
they formed as low temperature replacement products of pre-existing alkali zeolites such as 
phillipsite and clinoptilolite. Fluid inclusion evidence from the present study indicates that analcime 
formed over temperatures ranging from approximately 180 to 220 °C, whilst the study by Hall et al. 
(1989) indicates a mean foimation temperature of approximately 145 °C. This rules out a low
temperature, and therefore heavy signature for the Clyde Lava analcimes. The two alkali
zeolites (phillipsite and clinoptilolite) are characterised by having a high framework oxygen
signature (>25 %o), as shown by Karlsson and Clayton (1990b). However, there is no evidence, 
pétrographie or otherwise, to suggest that analcimes developed by replacement of pre-cursor phases 
within the Clyde Lavas. Therefore, it appears that these zeolites may have formed from a fluid 
which was enriched in 1^0, such as those found in sedimentary basins. This suggestion is 
addressed towards the end of this chapter.
Hydrothermal analcimes recovered from Icelandic basalts which were analysed by
Karlsson and Clayton (1990b) have values ranging from +9.2 to +12.2 %o. Also formation
temperature and fluid values are well constrained for these samples (-145 °C and 0.0 %o 
respectively). This indicates a mean isotopic fractionation of 10.7 %o between analcime and seawater 
at 145 °C, assuming equilibrium. Karlsson and Clayton (1990a), following an experimental 
investigation found that isotopic equilibrium between analcimes and hydrothermal fluids is achieved 
very rapidly at elevated temperatures (within a few days). Therefore, given that 145 °C represents a
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lower limit for analcime formation within the Clyde Lavas, and also that mean framework 
values are higher than those for the Icelandic samples, it can be concluded that the fluid which was 
present during analcime formation showed a considerable enrichment in thereby ruling out a 
purely surface derived origin as suggested by Hall et al. (1989). This finding is addressed more 
quantitatively towards the end of the chapter.
6.5.5. Discussion of metadomain fluid sources: stable isotopic evidence
Given the temperature interval over which hydrothermal fluid was trapped, i.e. the 
temperature of mineral precipitation (as deduced from primary fluid inclusions), together with a 
knowledge of the isotopic composition of the mineral, and the appropriate fractionation equation, it 
is possible to determine the isotopic composition of the fluid which was present at the time of 
mineral formation. This approach is adopted below for both calcite and analcime. Recent studies by 
Karlsson and Clayton (1990a) suggests that analcime which forms in geothermal systems rapidly 
reaches isotopic equilibrium with the ambient fluid; also the partitioning of oxygen isotopes between 
analcime framework and water is similar to that of calcite-water (the latter being well documented). 
Therefore, it is possible to assess how the isotopic composition of the metadomain fluid evolved 
with time since calcite is always paragenetically later than analcime.
1. Oxygen isotopic ratios of associated analcime-calcite pairs.
Table 6.3 presents the isotopic composition of associated analcime-calcite pairs. 
Locations are given in Appendix 6.1.
Sa.mp.le. Analcime
0 l8 0 (%o)SMOW ô1 8 0 (%<j)sM0 W
Û ^^ Ocal-anal 
(^)
S3 +2 2 . 8 +19.4 -3.4SI +18.9 +2 2 . 1 +3.2WF6 +20.7 +23.8 +3.1CM +2 0 . 1 +20.9 +0 . 8OL +2 0 . 6 +18.6 -2 . 0WF4 +24.4 +21.3 -3.1WF5 +19.9 +2 0 . 8 +0.9S6 +2 0 . 1 +21.9 + 1 .8E2 +22.5 +2 1 . 1 -1.4
WF3 +24.4 +2^,9 -2 . 2WF4 +19 ,6 +21.3 +7.7S3 +19.9 +19.4 -0.5WF41 +2 2 . 8 +21.3 -1.5WF42 +19.9 +26.3 +6.4
02E2 +22.6+22.0 +22.0+21.1 - 0.6-0.9
(For A ^^Ocal-anal» ^ = 0.08%o and lo  = 2.61%o)
Table 6.3 Isotopic composition of associated analcime-calcite 
pairs from Clvde Lava metadomains
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The results of these analyses are displayed in Figure 6.10 below which is a 6 A-ÔB plot, comparing 
the oxygen isotopic composition of co-existing calcite-analcime pairs. If, as shown by Karlsson and 
Clayton (1990a) fractionation of oxygen isotopes between analcime and water is similar to that 
between calcite and water, then pairs which co-crystallized in isotopic equilibrium and formed at the 
same temperature will plot about a straight line with a slope of approximately 1. It can be seen that 
analyses from the Clyde Lavas plot on either side of such a line labelled A -  0 which extends to the 
origin.
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Figure 6.10. 5^^0(%o) values for associated calcite-analcime pairs
(* diagonal lines are drawn for integral A values where A = Ô^^O(calcite) - Ô^^O(analcime))
Except for sample WF42 it can be seen that the difference in oxygen isotopic composition between
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co-existing analcime and calcite is small (<4%o). Karlsson and Clayton (1990b) found the difference 
to be less than 5 %o for hydrothermal analcime-calcite pairs worldwide. Thus, results from this study 
seem to reinforce the suggestions of these authors that analcime-water fractionation is similar to that 
of calcite-water. Therefore, it is possible to determine the oxygen isotopic composition of the fluid 
present at the time of analcime formation using the calcite-water fractionation equation of Friedman 
and O'Neil (1977).
Karlsson and Clayton (1990b) noted that for associated analcime-calcite pairs, the
mineral which crystallised first tends to have a lower value than the mineral which crystallises
second. In this study earlier analcime has both higher and lower values than asssociated 
calcite. Also, analcime has a higher mean formation temperature than calcite (203 °C compared to 
140 °C respectively) as deduced from primary fluid inclusion temperatures. Therefore, it can be
concluded that analcime was fonned from a fluid which possessed an unusually high value. 
Using the calcite-water fractionation factor of Friedman and O'Neil (1977), and a mean formation
temperature of 203 °C gives a A analcime-water value of +9.4 %o. Taking upper and lower limits for 
framework analcime isotope ratios of +24.4 %o and +18.9 %o (samples WF4 and SI respectively) 
gives a fluid oxygen isotopic ratio ranging between +15.0%<? and +9.5 %o. If it is assumed that the 
fluid phase present during analcime precipitation was ultimately of surface origin (and therfore
possessed a value ~ 0%o, consistent with Lower Carboniferous palaeolatitude) then then this 
would have involved an isotopic shift in the water of approximately +9,5 to +15 %o. Extreme 
compositional shifts are normally only seen in higher temperature, high salinity geothermal systems 
which have not necessarily exchanged with sediments. Examples include the Salton Sea and 
Lanzarote geothermal systems (c.320 °C) which record shifts of approximately 15 and 18 %o 
respectively (Sheppard, 1986). One possible mechanism for oxygen isotopic enrichment is exchange 
with 18o-rich sedimentary minerals, particularly carbonates whose compositional field is shown in 
Figure 6,1. A possible local source of sedimentary carbonate may be the Dinantian Ballagan 
Formation forming part of the Inverclyde Group beneath the lavas, and consisting of alternating 
carbonate and mudstone rich layers. Although no oxygen isotopic data are available for this particular 
formation Searle and Fallick (1990) report oxygen isotopic values ranging between approximately 
+21 to +26 %o (SMOW) for carbonate cements from equivalent Dinantian dolomites from East Fife.
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Isotopic exchange and interaction with the Ballagan Formation might also explain the presence of 
abundant hydrocarbon material found in analcime fluid inclusion material (see Chapter 5). Sheppard 
and Charef (1986) suggest the term "organic water" for waters which have interacted with
sedimentary organic matter (which controls fluid 5D ratios) and whose value is controlled by 
the sediments with which they interact.
2. Isotopic composition of fluid phase present during calcite formation
Given calcite isotopic composition and an estimate of formation temperature based on 
fluid inclusion data, the isotopic composition of the fluid may be determined using the calcite-water 
fractionation equation given by Friedman and O'Neil (1977). This is given by:
1 000 In A = 2.78 (10& T-2) - 2.89.
The results of this approach are presented below in Table 6.4. and illustrated in Figure 6.11 which 
shows the variation in calcite oxygen isotope ratio with formation temperature as deduced from fluid
inclusions. Also shown are the theoretical values calculated for calcite in equilibrium with
waters having constant values as indicated.
Table 6.4 Stable isotope and fluid inclusion 
data for calcites from metadomain localities
It can be seen that there is a spread in data points which suggest that calcites equlilibrated with fluids 
whose isotopic composition varied between approximately 0 and +10%o (SMOW), Also, it appears 
that the distribution of data points is not uniform, but is bimodal with modes at approximately 0  and
Sample no. calcite (W  (SMOW)
Temerature (°C) Ô^^O fluid (calc.)(^^) 
(SMOW)
irt
11
185 +20.9 184 +10.5CM +20.9 114 +5.3E2 +2 1 . 1 130 +6.9 >OL +18.6 87 0 . 0 Î87 +20.5 215 +11.7 1WF4 +21.3 158 +9.2 JHC5 +17.9 189 +7.8HCN +16.6 144 +3.5 *Mg2 +17.5 98 +0 . 2Mg3 +18.2 94 +0.4 1CV8 6 +21.4 115 +5,8
4
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10 %o (SMOW) suggesting the existence of two discrete fluids. Therefore, it appears that two 
independent studies confirm the existence of two discrete populations of calcite from the Clyde Lava
metadomians. A value of approximately (Mo is consistent with a surface derived, mid latitude 
fluid.
The concept that the higher temperature fluid with approximately 10 %o is
formed from surface fluids which interacted with hot igneous rock as advocated by Hall et al. (1989) 
is questioned because fluids analysed from volcanic hosted geothermal systems which interact over 
similar temperature intervals (eg. the Helka and Reykjanes fields of Iceland) show identical isotopic 
signatures to the local meteoric waters. It is perhaps more likely that these metadomain fluids, whilst 
being ultimately of surface origin, interacted with the same organic rich Lower Carboniferous 
sediments that produced the fluid which is recorded from earlier analcimes.
Reference to Figure 6.11 shows that fluids of intermediate composition were also 
present during metadomain activity. These may represent a hybrid fluid produced during mixing of 
the surface derived and "sedimentary" end members, implying that these fluids were present at the 
same time during metadomain activity.
0 %o +10%o
Go I 100 -
5 15 25 35
Ô'"0 (%o) SMOW
Figure 6.11 Oxygen isotopic composition of calcites against formation temperature, 
estimated from primarv fluid inclusions.Solid lines define calculated composition of 
calcite in equilibrium with fluid of isotopic composition as indicated calculated using 
data from Friedman and O' Neihl977). Squares from this studv. filled circles from
Hall et al. 11989).
This situation seems unlikely because fluid inclusion evidence (see Chapter 5) indicates that major
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ion compositions and salinities of metadomain fluids are relatively uniform across the lava pile 
implying a similar evolutionary pathway for the two fluids. It is difficult to imagine a situation in 
which this relic isotopic bimodality would be preserved whilst major ion compositions and salinities 
became uniform.
Alternatively, there exists the possibility that fluids of intermediate temperature and 
composition present during calcite formation represent a progressive sequence of cooling within the 
lavas, which ultimately ended with the widespead circulation and swamping by relatively cool, 
surface derived fluids in the waning stages of geothermal activity. This stage is represented within 
fluid inclusion material which shows the widespread occurrence of multiple generations of low 
temperature, secondary inclusions within both calcite and analcime. If this is the case then analcime 
and calcite provide a record of fluid evolution within the metadomains.
6.6 Conclusions
1.Isotopic analysis of analcime-calcite pairs seems to support the view expressed by Karlsson and 
Clayton (1990b) that partitioning of oxygen isotopes between analcime and water is similar to that of 
calcite-water.
2. Using the calcite-water fractionation equation of Friedman and O'Neil (1977), and given a mean 
formation temperature of -  2 0 0  «C (from fluid inclusions) it has been possible to determine the range 
in isotopic composition of the fluid with which analcime equilibrated. This value varies between 
approximately +9 to +15 %o. Assuming that this fluid was ultimately of surface origin then there has 
been an overall shift in fluid composition of between +9 to +15 %o. Comparison with modern day 
systems shows that such shifts are only seen in higher temperature (c. 320 °C), high salinity systems 
where sediment comprises a significant component of the local geological succession. Therefore, it is 
suggested that the metadomain fluid has interacted with a "reactive" sedimentary sequence, possibly 
carbonates from the underlying Inverclyde Group. This may also account for the presence of 
hydrocarbon inclusions within analcime.
3. Oxygen isotopic analysis of calcite, coupled with estimates of formation temperatures from fluid 
inclusions has allowed the calculation of the composition of the fluids present during calcite 
formation. This independent study has strengthened the views expressed by Hall et al. (1989) that 
there were two fluids present during calcite formation, not only at Boyleston Quarry, but also at
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other metadomain localities across the Clyde Lavas, These fluids were of relatively low to 
intermediate temperature (c, 90 to 200 °C), ranging in composition from approximately 0 to +10 %o. 
These compositions correspond to end members of ; a) exclusive surface origin and; b) that which 
also has interacted with sedimentary material.
4. Carbon isotopic ratios across the Clyde Lava metadomains are remarkably uniform, and testify to 
the existence of a relatively homogeneous carbon reservoir during metadomain activity. Strong 
modal values between -12 and -10 %o (PDB) highlight the importance of organic derived carbon 
dioxide as a source of carbonate carbon for most of the calcites studied. A possible source of organic 
carbon within the local succession may be the Ballagan Formation. This is consistent with oxygen 
isotopic data presented above. The uniformity of carbon isotopic compositions, coupled with the fact 
that hydrocarbons are found within the earlier analcimes suggests that the carbon reservoir was 
activated well before calcite precipitation commenced. Furthermore, calcites precipitated from surface 
derived fluids also possess carbon isotopic values which indicate an organic source, clearly 
indicating that the underlying sediments were still active carbon source throughout metadomain 
activity.
5, It is suggested that analcime and calcite provide a unique view of fluid evolution within the 
metadomains. Early, high temperature fluids which were present during analcime formation
possessed high 8 1*0 values because of interaction with underlying sediment. As calcite formation 
commenced fluids were still of relatively high temperature and still possessed heavy to inteimediate
ratios. However, in the waning stages of metadomain history whilst calcite precipitation still
continued fluid temperature had decreased and fluid was dominantly surficial in origin. This situation 
is summarised in Figure? .1 .
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7,2 Summary of relevant conclusions from present work
7.2.1 Characteristics of metadomain alteration
I
CHAPTER 7 CONCLUSIONS
7.1 Introduction
The purpose of the following chapter is to summarise the data which have been |
gathered during the present study and to conclude with an integrated model for metadomain i;
alteration. The chapter finishes with some recommendations for possible further work. ^
Fieldwork has revealed that the main control on metadomain development is the 
permeability contrasts which exist within the lavas. Of the metadomains studied, such 
contrasts have included flow horizons such as Boyleston Quairy, Langbank Cutting and 
Campsie Glen, and lithological and structural controls such as High Craigton,
Using a combination of fieldwork and routine pétrographie work it has been possible |
to identify a range of features which are recognised in both active and fossilised geothermal 
areas. With regard to the fonner this has included the localised nature of the metadomain 
alteration, and associated intense hydrofracturing combined with veining best seen at %
Boyleston Quarry. Also, petrography has revealed phases which are commonly found in both 
active and fossilised geothermal environments.
Detailed pétrographie analysis has allowed for the development of a temporal model 
which provides a link between metadomain development and burial metamorphism of the 5
lavas as discussed by Evans (1987). Three separate stages have been identified:
1. Early widespread alteration involving replacement of primary igneous phases (notably 
plagioclase) by a number of secondary mineralogies including phyllosilicates,albite, analcime,
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calcite and epidote.
2. Metadomain development which is most strikingly seen as hydrobrecciation and veining 
of the basalts on all scales. Characteristic alteration mineralogies include analcime, prehnite 
and calcite. Also, combined, detailed XRD and microprobe analysis has shown that there is 
a fundamental change in the nature of the phyllosilicate phases within the metadomains 
compared to those found outside. This is manifest by the development of more evolved 
phyllosilicate phases (such as chlorite) within the metadomains. It is possible that metadomain 
alteration may simply be an expression of a particularly intense form of widespread
hydrothermal alteration, the latter affecting the whole lava pile.
3, Burial metamorphism, manifest by the development of a range of zeolites, which has 
received fuller appraisal by Evans (1987). Pétrographie evidence in the form of index zeolite
minerals developing upon metadomain minerals provides clear evidence that burial
metamorphism occurred after metadomain development.
Comparison of alteration minerals developed within the metadomains with those 
reported in active geothermal areas suggest that fluid temperatures ranged between 
approximately 150 to 250 °C, This is consistent with estimates based upon compositional 
data from phyllosilicates which yield temperature estimates up to 220 °C. Again it is possible 
to see the extent to which permeability controls development of secondary mineralogies as 
the distribution and composition of the phyllosilicates is ultimately controlled by variations 
in this parameter.
Chemical analysis performed upon samples of basalt collected from inside and outside 
metadomain localities demonstrates mobility of most elements during hydrothemaal alteration. 
It has been demonstrated that all of the major oxides excluding Fe^O  ^ and SiO^ exhibit 
substantial changes in concentration during metadomain alteration. Also K^O, Sr, Rb, Cu and 
Zn exhibit extreme mobility whilst alteration is always associated with an increase in the 
overall volatile content of the basalts. Comparison of previous studies on basalt-seawater 
interaction also reveal similar patterns elemental mobility during hydrothermal alteration.
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7.2,2 Metadomain fluid characteristics
Combined fluid inclusion and stable isotopic techniques have provided particularly 
powerful methods for determining the physical nature of the alteration fluids, their 
composition, origin and evolution. Development of a temporal model of fluid evolution has 
been made possible by studying both analcime and paragenetically later calcite which are 
characteristic metadomain minerals. Figure 7.1 illustrates the salient points emerging from this 
study.
Fluids present during the formation of analcime have been shown to be typically of 
very low salinity, the dominant ionic species being Na''’ and of relatively high temperature 
(mean T, =203 °C).
The presence of hydrocarbon material trapped within grains of analcime testifies to the 
involvement of organic matter in the metadomain systems. Upon heating the hydrocarbon 
material begins to change colour at approximately 230^C, probably representing a maximum 
transportation temperature for the hydrocarbons. Within the local geological succession the 
Ballagan Formation underlying the lavas may represent a possible source for the hydrocarbons 
since they contain significant quantities of organic rich shaley material. Because salinities are 
low it is unlikely that the fluid transporting the hydrocarbons was exclusively derived from 
the sediments. It is more likely that the fluid was ultimately of surface origin.
In contrast to the fluids present during analcime formation those present during 
precipitation of paragenetically later calcite show a very wide range of salinities and appear 
to be dominated by ionic species such as Ca^ '^ ', Na"^  and Cl". These brines also show wide 
ranges in temperature ranging from approximately 50 °C up to a maximum of 300 °C. These 
wide variations in both composition and temperature are indicative of a hybrid fluid generated 
by the mixing of a high temperature connate brine and a low salinity, low temperature fluid, 
ultimately of surface origin which has been progressively heated during advection through the 
lavas. Also, physical processes such as boiling and mixing which are often characteristic of 
geothermal fluids are shown to have an effect on fluid compositions.
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Following metadomain activity it has also been possible to recognise a lower temperature (c.
80 to 1 1 0  ”C) event possibly related to burial of the lavas from fluid inclusion results from 
quartz, a characteristic burial metamorphic index mineral.
Analysis of fluids from metadomain calcites by GC analysis testifies to the dominance 
of CO2 as the volatile phase within the metadomain fluids. However, levels of CO^ present 
within these fluids are too high to have been buffered by fluid-mineral equilibria, again 
indicative of involvement of gas prone sediments underlying the lavas.
Stable isotopic analysis of dehydrated analcime has complemented the study of 
Karlsson and Clayton (1990) supporting the view that partitioning of oxygen isotopes between |
analcime and hydrothermal fluids is similai' to that between calcite and water. Therefore, it 
is possible to use calcite-water fractionation data to predict the isotopic composition of waters 
in equilibrium with metadomain analcime. This represents a novel approach when 
considering the isotopic composition of fluids in low temperature environments.
Integrated oxygen isotopic and fluid temperature data for analcime suggests 
equilibration with a fluid of isotopic composition ranging from +9 to +l5%o (SMOW). If the 
fluid was ultimately of surface origin, as is suggested from fluid inclusion work, then this I
would represent an overall shift in isotopic composition of +9 to +l5%o (SMOW). Such large 
shifts in present day and fossilised systems are only seen in high temperature, high salinity I
systems where sediment composes a significant proportion of the local geological column.
This supports the view that these fluids have interacted with reactive carbonate rich sequences 
within the Inverclyde Group succession beneath the lavas.
Combined oxygen isotopic and fluid inclusion data for metadomain calcites has 
allowed for the calculation of the isotopic composition of the fluids with which calcite 
equilibrated. This independent study supports the views expressed by Hall et al. (1989) that 
two distinctive fluids can be recognised across the whole of the Clyde Lavas. These fluids 
were of relatively low to intermediate temperatures, as deduced from fluid inclusion studies, 
ranging in composition from 0%o to +10%o (SMOW), corresponding to end members of; a) 
exclusively surficial origin and; b) fluids which have interacted with reactive sedimentary 4
1 '
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sequences.
Carbon isotopic ratios from metadomain calcites across the Clyde Lavas are 
remarkably uniform with strong modal values between -10%o and -12%o (PDB) highlighting 
the importance of sedimentary organic matter as a source of carbonate carbon. Furthemiore, 
calcites precipitated from surface derived fluids also possess carbon isotopic compositions 
indicative of an organic source indicating that the underlying sediments were active 
throughout metadomain activity.
7.3 A model for metadomain development within the Clyde Lavas
Metadomain localities from widely spaced outcrops within the Clyde Lavas represent 
the roots of naiTOwly confined zones which it is thought acted as feeders to geothermal 
activity at higher levels within the lavas. As such they represent an integral part of the overall 
plumbing system within the lavas during geothermal activity. They are manifest in the field 
as narrowly confined zones (often only a few metres in lateral extent) within which there was 
intense, periodically catastrophic, upwards directed fluid advection often evidenced by intense 
hydraulic fracturing of host basalt. Development of a zone would have proceeded wherever 
permeability contrasts within the host basalts existed and were subsequently exploited by 
convecting geothermal fluids. The likely surface expression of this fluid circulation would 
have been the existence of hot springs cuiTently seen in active geothermal areas worldwide. 
Figure 7.2 shows a possible scenario for metdomain development within the Clyde Lavas,
As the lava pile continued to cool convectively then fluid advection and mineral 
deposition within these metadomains would have effectively ceased, ultimately leading to the 
"shutting down" of each individual system prior to burial metamorphism of the Midland 
Valley Lavas.
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7,4 Concluding remarks
The original aims of this project have always been focused and well defined; "to 
investigate the metadomains (plumes) in detail and to demonstrate the sources of the fluids
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and hydrothermal processes involved in the alteration of the Clyde Plateau Basalts". 
Combined fluid inclusion and stable isotopic analysis have proved to be powerful techniques 
and have, to a large extent, demonstrated the main processes and fluid types which have been 
involved in metadomain alteration.
Following independent studies by Evans (1987) and Hall et al.(1989) this work has 
contributed significantly to many of the issues identified by these authors. For example, the 
latter authors identified two different fluids on the basis of a combined carbonate and 
fluid inclusion data. This study has confirmed this hypothesis and shown that such fluids 
participated in hydrothermal activity across the Clyde Lavas, as well as identifying inorganic 
carbonate as an important source of carbonate carbon. Also, an investigation of temporal 
relationships has shown that metadomain activity occurred prior to burial metamorphism and 
also that fluid compositions, and by inference sources, fluctuated during the evolution of these 
systems.
There appear to have been processes operating within the hydrothennal fluids which 
are recognised within geothermal systems which are active today such as fluid mixing and 
boiling. It is perhaps fluid origins within the Clyde Lava metadomains which differ from 
those reported in other geothermal areas (active and fossilised). This factor is largely 
controlled by the local stratigraphie succession and hydrogeology.
One possible area of further study could involve an integrated geochemical study of 
the Inverclyde Group sediments which underlie the lavas with the aim of establishing the 
precise diagenetic histoi'y of this succession in relation to the geothermal and burial 
metamorphic history of the lavas, This could involve an attempt to recognise any signs of 
interaction with the fluids recorded within the metadomains and might also include an 
assessment of the potential of organic material within the sediments to generate hydrocarbons 
which are recorded within the metadomain fluids,
A further problem which arises as a consequence of this study is the precise 
relationship between early geothermal activity and metadomain activity. Is the latter simply 
an intense form of regional geothennal activity which is recorded as replacement of
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plagioclase feldspar by albite and phyllosilicates? Clearly, a stable isotopic investigation of 
the main phyllosilicate phases would help elucidate this relationship, though are likely to be 
impeded by practical considerations of mineral separation.
Finally, Summer and Verosub (1988) point out that many economically important 
hydrocarbon accumulations can be associated with volcanism. Geothermal fluids can play a 
part in the maturation of source rocks and subsequent transport of evolved hydrocarbons to 
reservoirs. This study has clearly demonstrated that hydrothermal fluids can interact with 
sedimentary sequences over a large area and shows that fluid-rock interaction could be come 
important where lateral aquifers facilitate distribution of magmatic heat over hydrocarbon 
prone sediments.
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APPENDIX 2.1 SAMPLE LOCALITIES
This appendix presents location maps of localities at Boyleston Quarry and High Craigton Quarry 
where samples were selected for thin section analysis. Sample localities for Campsie Glen are 
given in Appendix 3.2. The section numbers which are given here are also those used for XRD, 
XRF, fluid inclusion and stable isotope samples.
I. Boyleston Quarry (495 597)
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2.High Craigton Quarry (526 796)
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APPENDIX 3.1 : XRD ANALYSIS
1. Sample prepai-ation
Fist sized samples were collected from a range of environments, both within and 
outside metadomains. Initial treatment involved scrubbing and removal of weathered areas. After 
drying, samples where powdered in a Tern a mill producing a coarse powder, and further 
disaggregated for a further 20 minutes in an ultrasound bath. Following this, samples were
transferred to a centrifuge were the appropriate size fraction (< 2p.m) was separated. For 
appropriate centrifuge settings and time intervals the reader is referred to Thomas (1986). Finally, 
the residual paste was pipetted to a glass slide and dried in air prior to analysis.
2. Machine specifications ; Philips PW 1010 X-Ray generator ; Philips PW 1049 Diffractometer
Source : Cu-Ka radiation
Divergence slit : 1°
Receiving slit : 0.2mm
Operating conditions : 40 KV, 20 mA
Range : 5-35 ° at 1 ° /  minute stepped or 0.02 ° / second.
3. Treatments for clay mineral identification
a. Glycolation ; Walker (1949); this is a simple method which is used to test for the presence of 
smectites and mixed-layer clays, The air dried sample is placed in a desiccator containing ethylene 
glycol at 60 0 C and left to stand overnight. If a swelling clay is present, then there is a 
characteristic shift (expansion) in the d-spacings of the new reflections following treatment
b. Heating ; this method is based on the principal that dehydration of various clay mineral species 
occurs at specific temperatures and thus each species produces characteristic reflections following 
treatment. Premounted, glycolated samples are heated to 550 ° C for approximately 1 hour.
c. HCl treatment ; this test is used primarily to identify kaolinite which is not affected following 
treatment (unlike, for example, chlorite). Following the method of Biscaye (1964), an aliquot of 
powdered sample is heated to 80 ° C with 2M HCl for approximately 8  hours prior to analysis.
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XRD Analysis Results
Location : Boyleston Quarry Sample details ; all slides < 2p. ; orientated 
(see Appendix 2.1 for sample locations)
Ref.: O.S. Landranger 1 : 50 000 Sheet 64 (NS 492 598)
Sample No. Lithology Ch. Ill, Kao. R.C.S. I.C.S. R.C.V. I.C.V. Comments
A1A2A3
A4
A5A6
B1
B2
B3
B4
B5
B6
C l
C2
C3
C4
C5
C6
C7C8
Mctadom.Basalt *
Metadom. basalt
*BQl
BS Volcanicla.stic 
sediment
*
*
sh
*
sfc*
*
**
*
%
**
All showing 
one main peak at 
14.2-13.1 Â 
expanding to ~
15.5,À
upon g lyco lation
sharpening of 
illiie 001 after 
heating = ly
poor trace
< 2 p. and < 5 p
*Basalt taken from outside of metadomain areas
Location : Campsie Glen (Jamie Wright's Well) Sample details ; all slides < 2p ; orientated 
(see location map below)
Ref.: O.S. Landranger 1 ; 50 000 Sheet 64 (NS 616 803)
Sample No. Lithology Ch. 111. Kao. R.C.S, I.C.S. R.C.V. I.C.V. Comments
API
APIXAP2
AP3
CDX
altered
plagiophyre
M
carbonated
002 chlorite on GDI kaol 
V. strong kaol. peaks
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dykeVertical Traverse through Campsie Glen
CG3 basaltic lava - - * - -CG4 « - - * . -CG5 - * -CG6 - - — *CG7 I I - - ** * - rmCGIO I I - - - * - «•
CGll plagiophyre - - - * - -
CG13 basaltic lava . - - * . .CG15 " - - * - -
CG16 oxidised
trachyte
- - - * -
CPI Essex! te - * -
Location : Langbank Cutting Sample details ; all slides < 2\x ; orientated 
Ref.: O.S. Landranger 1 : 50 000 Sheet 63 (NS 369 735)
Sample No. Lithology Ch. 111. Kao. R.C.S. I.C.S. R.C.V. I.C.V. Comments
LB2 metadom basalt* * - - Illite with behavour
LBl ” * * - * . „
LA2 " * . _ * . .
LB3 . * - * . -
LB4 ” * - - * .
LA 1 - ' - - * _
LB5 - . . _ *
LA4 dyke * - - *
LA6  metadom basalt* * - * -
LA3 " * * - . *
LB6  " - *
LA7 " , * _ . _ *
LA5 - * - . *
LA8  " * * . . *
CMV . . .  * . .
DR'*’ * - . * *
^ ba.sall taken from outside of metadomain area as shown in field sketch in Appendix 2.1,
Location : High Craigton Quarry Sample details ; all slides < 2\x ; orientated 
Ref.: O.S. Landranger 1 : 50 000 Sheet 64 (NS 525 779)
Sample No. Lithology Ch. 111. Kao. R.C.S. I.C.S. R.C.V. I.C.V. Comments
Mg3 altered lava * - - * .HC22 " * . . _ . . *HC3 " . _ . _ * .HC9 " _ . . . * .
Mgl " - *HC7 " , . _ . * _
HC7Mg3CPUHC8
HC7i
ZHC2
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Mugdock Quarry (556 776) 
Mug7 basaltic lava
Ch. = chlorite; III. = Illite; Kao. = Kaolinite; R.C.S. = Regular chlorite-smectite; I.C.S. = Irregular chlorite-smectite; R.C.V. = Regular chlorite-vermiculite; I.C.V. = Irregular chlorite-vermiculite.
«3
Holchcad
551
'CG16
CGI 5
CG13
CGll
CGIO
meudomain locality 
within quarry 
AP1-AP3/CD/P1
X Campsie Scarp
CG6 CG5^
CG4
CG3
CPLlClachan o 
Campsie
• 76
1 km
78
Sketch mup of Campsie Glen showing sample localities
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APPENDIX 3,2 MICROPROBE ANALYSES OF PHYLLOSILICATES PRESENT WITHIN BASALTS AT CAMPSIE GLEN
1, JEOL JCXA-733 SUPERPROBE: Machine specifications
Acc. voltage 
Beam current
Beam diameter
15kV
15nA
-l^ m
Standards
Ca
Si
Ti
A1
Fe
Mn
Mg
Na
K
wollastonite
rutile
corundum
metal
metal
periclase
jadeite
onhoclase
Results of analyses are presented in full over the page. 
A map of sample locations is given in Appendix 3.1.
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Sample CG 13
Si0 2 31.50 31.63 29.28 30.40 32.13 30.98
Ti02 0 . 0 0 0.07 0.03 0.15 0.05 0 . 0 1
AI2 O3 17.85 13.67 13.64 14.03 15.28 13.93
FeO 25.68 26.28 26.99 30.56 23.01 27.57
MnO 0.23 0.24 0.15 0.16 0.14 0.18
MgO 13.19 15.09 14.15 13.28 15.52 13.54
CaO 0 . 6 6 0.18 0,38 0 . 1 0 0.45 0.60
Na2 0 0.80 0 . 0 0 0.16 0 . 0 0 0 , 0 0 0.13
K2 O 0.26 0.04 0.06 0.04 0.04 0.04
Total 89.45 85.67 87.19 87.59 83.85 89.55
Si 6.44 6.51 6.72 6.35 6.60 6.64
AlIV 1.55 1.48 1.28 1.65 1.40 1.31
AlVI 2,75 2 . 0 0 2.13 1.93 2.24 2.36
Fe 4.39 4.76 4.79 5.54 4.18 4.76
Mn 0.04 0.04 0.03 0.03 0.03 0.03
Mg 4.02 4.87 4.48 4.28 5.02 4.17
Ca 0.14 0.04 0.08 0 . 0 2 0.14 0.05
Na 0.03 0 . 0 0 0.07 0 . 0 0 0 . 0 0 0.05
K 0.06 0 . 0 1 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 2
Si0 2 30,99 31.89 32.52 31.52 32.16 31.64
TÎ0 2 0.05 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 2 0 . 0 1
AI2 O3 13.93 14.89 17.39 16.18 16.64 14.12
FeO 27.44 27.26 24.87 25.26 25.23 29.50
MnO 0 . 2 1 0.23 0.29 0.27 0 . 2 2 0 . 1 2
MgO 12.98 14.75 13.39 14.36 13.21 12.53
CaO 0.53 0.48 0.76 0.67 0.74 0.19
NaaO 0 . 0 0 0.06 0.07 0.67 0 . 1 1 0.06
K2 O 0.08 0.07 0.16 0.13 0.18 0.27
Total 86.19 89.67 89.48 88.51 88.53 88.67
Si 6.69 6.58 6,61 6.52 6.63 6.69AlIV 1.31 1.42 1,39 1.48 1.36 1.31
AlVI 2 . 2 2 2 , 2 0 2.77 2.46 2 . 6 8 2 . 2 1
Fe 4.95 4.70 4.17 4.37 4.35 5.22
Mn 0 . 2 1 0.04 0.05 0.05 0.04 0 . 0 2
Mg 4.17 4.54 4.23 4.43 4.06 3.95
Ca 0 . 1 2 0 . 1 1 0.16 0.15 0.16 0.04
Na 0 . 0 0 0.03 0.03 0.03 0.04 0.09
K 0 . 0 2 0 . 0 2 0.04 0.04 0.05 0.07
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Si02 29.40 31.07
Ti02 0.08 0.06
AI2 O3 14.07 15.46
FeO 30.39 26.04
MnO 0,18 0.23
MgO 12.29 12.28
CaO 0.15 0.85
Na20 0.07 0.10
K2 O 0.06 0.28
Total 86.70 86.37
Si 6.43 6.64
AlIV 1.57 1.36
AlVI 2.06 2.52
Fe 5.56 4.65
Mn 0.03 0.04
Mg 4.01 3.91
Ca 0.04 0,20
Na 0.03 0.04
K 0.02 0.08
Sample PI 1
Si02 30.55 29.12 28.50 28.11 25.39 27.43
Ti02 0.03 0.02 0.21 0.27 0.61 0,15
AI2 O3 20.55 20.62 17.33 17.48 17.90 18.61
FeO 28.38 26.21 29.84 29.73 29.31 29.90
MnO 0.05 0 . 0 1 0.04 0.09 0.05 0 . 0 1
MgO 8.33 9.03 11.44 1 1 . 1 1 10.45 9.76
CaO 0.70 0.14 0 . 2 0 0.17 0 . 1 0 0.16
Na%0 0.95 0 . 2 2 0.31 0.17 0 . 1 0 0.06
K2 O 0.26 0.55 0.19 0 . 2 2 0.08 0.19
Total 89.86 85.96 87.94 87,22 83.96 86.29
Si 6.31 6.23 6 . 1 1 6.08 5.74 6 . 0 0AlIV 1.70 1.77 1.89 1.92 2.26 2 . 0 0AlVl 3.30 3.42 2.48 2.52 2.51 2.80
Fe 4.90 4.68 5.35 5.37 5.54 5.47
Mn 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 2 0 . 0 1 0 . 0 0
Mg 2,56 2.84 3.65 3.58 3.52 3.18
Ca 0.15 0.03 0.04 0.03 0 . 0 2 0.03
Na 0.38 0.09 0 . 0 1 0 . 0 2 0 . 0 1 0 . 0 2
K 0.06 0.15 0.05 0.06 0 . 0 2 0.05
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Si0 2 32.11 31.20
T1O2 2 . 1 2 0.19
AI2 O3 19.14 20.24
FeO 26.79 26.53
MnO 0.04 0.09
MgO 10.15 9.53
CaO 0.26 0.15
Na2 0 0.03 0.27
K2 O 0.72 0.72
Total 91.40 88.94
Si 6.43 6.43
AlIV 1.58 1.56
AlVI 2.94 3.34
Fe 4.49 4.57
Mn 0 . 0 1 0 . 0 2
Mg 3.03 2.92
Ca 0.05 0.03
Na 0 . 0 1 0 . 1 0
K 0.18 0.19
Sample CG 5
Si02 36.73 36.47 35.22 33.25 32.80 35.02
Ti02 0 . 0 0 0 . 0 1 0 . 0 2 0.03 0.03 0.03
AI2 O3 15.19 15.03 14.68 13.96 13.28 14.75 '
FeO 19.88 22.18 23.29 23.48 23.78 23.02
MnO 0.04 0.07 0.03 0.04 0.03 0.03
MgO 14,78 14.66 15.48 15.89 17.65 15.76
CaO 0.35 0.31 0.42 0.16 0.16 0.32
Na2 0 0.31 0 . 2 1 0 . 2 2 0.13 0.08 0.27
K2 O 1 . 2 2 0.95 0.63 0.45 0 . 2 2 0.57
Total 88.53 89.92 90.05 87.83 88.04 90.14 1
Si 7.32 7.23 7.03 6 . 8 6 6.76 6.99AlIV 0 . 6 8 0.75 0.97 0.82 1.24 1 . 0 1  1
AlVI 2 . 8 8 2.70 2.48 2.25 1.99 2.34
Fe 3.31 3.67 3.89 4.05 4.10 3.89
Mn 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 0 0 . 0 1  :
Mg 4.38 4.33 4.61 4.88 5.42 4.69
Ca 0.07 0.06 0.08 0 . 1 2 0.03 0.06 ^
Na 0 . 1 2 0.07 0.08 0.05 0.03 0 . 1 0
K 0.31 0.24 0.16 0 . 1 1 0.05 0.14 ^
Si0 2 34.72 33.45 34.50 34.54 34.95 34.54
Ti02 0 . 0 0 0.06 0.03 0 . 0 2 0 . 0 2 0 . 0 0
AI2 O 3 14.78 13.60 13.81 13.94 14.33 14.80
FeO 23.07 24.50 25.38 23.61 22.79 22.77
157MnO 0.05 0.05 0 . 1 1 0.07 0 . 0 0 0 . 1 2MgO 15.46 15.23 14.49 14.41 15.18 15.42CaO 0.29 0 . 2 0 0.29 0.31 0.38 0.25Na2 0 0.15 0 . 2 1 0.27 0.28 0.17 0.19
K2 O 0.63 0.36 0.58 0.82 0.54 0.52
Total 89.17 87.66 89.45 88,97 88.35 88.64
Si 7.00 6.94 7.03 7.09 7.09 6.99 iAlIV 1 . 0 0 1.06 0.97 0.91 0.91 1 . 0 1AlVI 2.51 2.26 2.34 2.46 2.52 2.52Fe 3.89 4.25 4.32 4.05 3.87 3.85Mn 0 . 0 1 0 , 0 1 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 2Mg 4.64 4.71 4.40 4.41 4.59 4.65Ca 0.06 0.04 0.06 0.06 0.08 0.05Na 0.05 0.08 0 . 1 0 0 . 1 1 0.06 0.07K 0.16 0.09 0.15 0 . 2 1 0.13 0.13
Sample CG6
SÎ0 2 39.02 37.95 35.93 35.20 36.17 34.69
Ti0 2 0.03 0.06 0.13 0 . 0 0 0 . 0 2 0 . 0 2
AI2 O3 12,62 14.36 12.91 14.24 13.21 12.05FeO 24,24 22.40 23.24 22,42 24.04 23,52MnO 0.06 0.07 0.13 0 . 1 0 0.06 0 . 1 2MgO 11.06 10.62 1 2 . 1 0 13.98 11.19 13.89CaO 0.81 1.29 0.06 0.52 0.76 0.44Na2 0 0 , 0 0 0 . 0 2 0.03 0.77 0 . 0 0 0 . 0 0K2 O 0.58 0 . 2 1 0.16 0.09 0 , 1 0 0.06
Total 87.35 86.27 85.95 86,73 84.51 85.39
Si 7.80 7.66 7.53 7.23 7.65 7.20AlIV 0 , 2 1 0.34 0.47 0.77 0.36 0.80AlVI 3.78 3.48 2.64 2.70 2 . 8 6 2 . 6 8Fe 3.62 3.36 4.24 3.85 4.11 3.89Mn 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 2 0 . 0 1Mg 3.32 3,19 3.78 4.28 3.53 4.30Ca 0.17 0,28 0.14 0 . 1 1 0 . 0 2 0.09Na 0 . 0 2 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 1K 0.14 0.05 0.04 0 . 0 2 0 . 0 2 0 . 0 1
Si0 2 35.68 35.97 38.51 34.85 34.49 35.32Ti0 2 0.05 0.05 0 . 0 2 0,05 0.05 0 . 0 0AI2 O3 13.21 12.05 16,81 13.75 13.23 13.03
FeO 24.04 23,52 19.54 22.48 22.99 21.60MnO 0 . 1 0 0.06 0 . 1 2 0.08 0 . 1 1 0.08MgO 11.32 13.99 9.70 15.28 15.19 15.30CaO 0.69 0.63 0.64 0.41 0.40 0.41Na2 Ü 0 . 0 0 0 . 0 0 0.03 0 . 0 0 0 . 0 0 0 . 0 0
K2 O 0.14 0.19 0.40 0.13 0 . 1 2 0.09
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Total 85.39 86.48 85.81 87.05 86.70 86.08
Si 7.52 7.47 7.77 7.16 7.15 7.30
AlIV 0.48 0.52 0,23 0.84 0.85 0.70
AlVI 2.80 2.84 3.76 2.48 2.38 2.46
Fe 4,23 4.08 3.29 3.86 3,98 3.75
Mn 0.01 0.01 0.01 0.01 0,01 0.01
Mg 3.55 3.90 2.92 4.68 4.69 4.74
Ca 0,15 0.13 0.13 0.09 0.10 0.09
Na 0.00 0.00 0.01 0.00 0.00 0.00
K 0.03 0.03 0.04 0.01 0.03 0.03
Si02 37.68
Ti02 0.05
AI2 O3 12.62
FeO 22.25
MnO 0.04
MgO 9.63
CaO 1.03
Na20 0.09
K2 O 0.40
Total 83.85
Si 7.97
AlIV 0.03
AlVI 3.12
Fe 3.91
Mn 0.01
Mg 3.03
Ca 0.23
Na 0.03
K 0.10
Sample CG7
Si02 31.65 32.04 33.04 32.45 31.87 31.78
TIO2 0.00 0,00 0.25 0.01 0.00 0.00
A1203 14.08 15.36 15.77 14.95 15.56 14.75
FeO 22,35 23.29 21.25 22.50 24.11 23.19
MnO 0.03 0.01 0.07 0.05 0.06 0.04
MgO 17.14 15.99 16.01 17.11 16.18 17.07
CaO 0.26 0.27 0.23 0.23 0.27 0.27
Na20 0.05 0.14 0.16 0,63 0.16 0.16
K2 O 0.09 0.35 0.40 0.17 0.31 0.25
Total 85.65 87.45 87.35 87.53 88.52 87.55
Si 6.67 6.64 6.76 6.67 6.55 6.58
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aitv 1.33 1.35 1.24 1.32 1.58 1.42AlVI 2.16 2.38 2.56 2.30 2.27 2.18
Fe 3.94 4.04 3.64 3.87 4.14 4.02
Mn 0.01 0.00 0.01 0.01 0.01 0.01
Mg 5.39 4.94 4.88 5.25 4.96 5.27
Ca 0.06 0.06 0.09 0.05 0.06 0.06
Na 0.02 0.06 0.06 0.03 0.02 0.06
K 0.02 0.09 0.10 0.04 0.08 0.07
Si02 31.77 32.48 31.97 31.19 32.11 32.19
Ti02 0.02 0.06 0.00 0.08 0.03 0.00
AI2 O3 15.13 15.27 15.79 15.78 13.89 15.35
FeO 23.02 23.62 22.80 22.07 23.25 22.28
MnO 0.01 0.01 0.12 0.35 0.00 0.00
MgO 16.73 17.38 15.74 16.31 17.51 16.82
CaO 0.31 0.22 0,27 0.98 0.22 0.21
Na20 0.06 0.00 0.10 0.06 0.03 0.13
K2 O 0.29 0.20 0.31 0.15 0.18 0.24
Total 87.38 89.24 87.09 86.99 87.23 87.22
Si 6.58 6.59 6.28 6.49 6.67 6.64
AlIV 1.42 1.41 1.37 1.51 1.33 1.36
AlVI 2.28 2.22 2.49 2.35 2.07 2.37
Fe 3.99 3.65 3.95 3.84 4.04 3,84
Mn 0.00 0.00 0.02 0.06 0.00 0.00
Mg 5.17 5.26 4.86 5.05 5.42 5.17
Ca 0.07 0.05 0.06 0.22 0.05 0.05
Na 0.02 0.00 0.04 0.03 0.01 0.05
K 0.08 0.05 0.08 0.04 0.05 0.06
Si02 32.36 31.68 33,48 32.13 32.83 33.01
Ti02 0.05 0.08 0.01 0.05 0.16 0.04
AI2 O3 14.22 14.43 15.03 14.69 16.96 14.78
FeO 23.28 22.68 22.83 22.51 21.51 22.67
MnO 0.05 0.02 0.02 0.06 0.18 0.03
MgO 17,96 17.80 17.84 16.80 17.33 17.13
CaO 0.15 0.19 0.33 0.31 0.50 0.24
Na20 0.15 0.17 0.15 0.12 0.11 0.05
K2 O 0.15 0.17 0.21 0.13 0.28 0.18
Total 88.23 87.19 89.90 86.79 89.84 88.13
Si 6.64 6.58 6,70 6.68 6.54 6.74AlIV 1.36 1.42 1.30 1.32 1.46 1.26
AlVI 2.08 2.11 2.25 2.27 2.51 2.29
Fe 3.99 3.94 3.82 3.91 3.58 3.87
Mn 0.01 0.00 0.00 0.01 0.03 0.00
Mg 5.49 5.51 5.32 5.21 5.14 5.21
Ca 0.03 0.04 0.07 0.07 O.ll 0.05
Na 0.00 0.03 0.06 0.05 0.04 0.02
K 0.04 0.04 0.05 0.03 0.07 0.05
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S 1 0 2 31.94 32.20 33.94 32.09 31.97
Ti0 2 0.07 0.09 0,23 0.13 0.03
AI2 O 3 15.08 13.91 17.35 16.22 15,65
FeO 22.67 23.27 20.91 22.30 22.83
MnO 0.06 0.04 0 . 2 1 0.27 0 . 1 2
MgO 17.18 15.95 16.82 15.73 15.31
CaO 0.31 0.32 0.28 0.38 0.23
Na^O 0 . 1 0 0.15 0.08 0.13 0.15
K2 O 0.23 0.31 0.25 0 . 2 1 0.43
Total 87.64 86.16 90.08 87.47 86.71
Si 6.58 6.78 6 . 6 8 6.61 6.67
AlIV 1.42 1 . 2 2 1.32 1.39 1.34
AlVI 2.25 2.23 2.71 2,54 2,51
Fe 3.91 4.08 3.44 3.84 3.98
Mn 0 . 0 1 0 . 0 1 0.04 0.05 0 , 0 2
Mg 5.28 5,01 4.94 4.83 4.76
Ca 0.07 0.07 0.06 0,05 0.05
Na 0.04 0,06 0.03 0.05 0.06
K 0.06 0.08 0.06 0.06 0 . 1 2
Sample C G ll
Si02 37.06 40.97 41.24 42.04 42.13 40.88
TiOi 0.06 0,08 0 . 1 1 0.05 0 . 0 0 0.07
AI2 O3 13.84 17.99 15.74 15.68 15.46 15.32
FeO 22.51 18.43 19.01 19.23 21.03 20.75
MnO 0 . 0 1 0.04 0 . 0 1 0.05 0.05 0.06
MgO 10.59 8.31 9,70 9.21 9,33 9.01
CaO 0.55 0.63 0,56 0.44 0.60 0,83
Na2 0 0.31 0.33 0.51 0.54 0.43 0.35
K2 O 3.80 3,73 4.11 4.30 4.29 3.69
Total 88.78 90.59 91.00 91.53 93.33 90.98
Si 7.59 7.90 7.98 8.09 8 . 0 2 7.98
AlIV 0.41 0 , 1 0 0 . 0 0 0 . 0 0 0 , 0 0 0 . 0 2
AlVI 2.93 3.98 3.56 3.72 3.48 3.50
Fe 3.85 2.97 3,07 3.09 3,34 3.38
Mn 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 1
Mg 3.23 2.39 2.80 2.64 2.65 2.62
Ca 0 . 1 2 0.13 0 . 1 1 0.08 0 . 1 2 0.17
Na 0 . 1 2 0 . 1 2 0.18 0 . 2 0 0.15 0.13
K 0.99 0.91 1 . 0 1 1.05 1.04 0.91
Si02 41.68 39.58 39.93 38.67 39.38 41.23
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T1 0 2 0.03 0.07 0.09 0 . 1 2 0.15 0.05
AI2 O3 15.73 14.44 13.86 13.88 14.50 15.78
FeO 20.79 23.38 2 1 . 8 8 22.97 23.79 18.13
MnO 0.05 0.03 0.04 0.05 0 . 1 0 0 . 0 0
MgO 9.09 9.02 9.70 8.49 9.19 9.20
CaO 0.79 0.59 0.51 0.60 0.56 0.57
Na2 0 0.37 0.36 0.38 0.24 0.43 0.34
K2 O 4.06 3.66 4.50 3.67 4.01 4.32
Tom! 92.61 91,18 90.88 88.74 92.13 89.63
Si 7.99 7.85 7.92 7.88 7.77 8.07
AlIV 0 . 0 2 0.14 0.08 0 . 1 2 0.23
AlVI 3.56 3.22 3.16 3.21 3.14
Fe 3.33 3.87 3.63 3.91 2.70 2.96
Mn 0 . 0 1 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 1 0 . 0 0
Mg 2.59 2 . 6 6 2.87 2.58 2.70 2 . 6 8
Ca 0.16 0 . 1 2 0 . 1 0 0.13 0 . 1 1 0 . 1 1
Na 0.13 0.13 0.14 0.09 0.16 0.13
K 0.99 0.92 1.14 0.95 1 . 0 1 1.07
Sample AP3
SiOz 34.68 30.64 29.73
Ti0 2 0 . 0 0 0.05 0 . 0 2
AI2 O3 23.33 21.35 23.25
FeO 23,22 24.34 27.97
MnO 0 . 0 0 0 . 0 0 0.07
MgO 6.15 6 . 1 0 7.18
CaO 0.13 0.03 0.06
Na^O 0 . 1 2 0 . 0 0 0 . 0 0
K2 O 2.25 2 . 1 1 0.76
Total 89.91 84.63 89.13
Si 6.89 6.60 6,14
AlIV 1.72 1.40 1.16
AlVI 2.17 2 . 0 1 1.90
Fe 3.85 4.38 4,83
Mn 0 . 0 0 0 . 0 0 0 , 0 1
Mg 1.82 1.95 2 . 2 1
Ca 0.03 0 . 0 1 0 . 0 1
Na 0.04 0 . 0 1 0 . 0 0
K 0.56 0.58 0 . 2 0
Sample AP2
Si02 27.86 28.13 30.07 30.51 28.67 29.34
Ti02 0.02 0.05 0.08 0.09 0.06 0.01
1 6 2
A1 2 0 3 20.52 20.67 19.93 19.21 18.61 20.9
FeO 28.14 29.11 28,76 28.85 25.43 27.59
MnO 0 . 1 1 0.07 0 . 1 0 0 , 0 2 0 . 0 0 0.09
MgO 8.76 8.69 8.32 8,09 6.61 8.32
CaO 0.05 0.14 0.18 0 . 0 2 0.13 0.14
Na^O 0.05 0 . 0 0 0.08 0.03 0 . 0 2 0.06
K2 O 0.69 0.58 1 . 2 2 0.57 1.82 1.47
Total 8 6 . 2 1 87.48 88.79 87.32 81.39 88.58
Si 6.03 6 . 0 2 6.32 6.49 6.53 6.27
AlIV 0.60 1.98 1 . 6 8 1.50 1.46 1.73
AlVI 3.26 3.22 3.26 3.30 3.52 3.42
Fe 5.09 5.21 5.05 5.13 4.84 4.83
Mn 0.09 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 0 0 . 0 2
Mg 2,82 2.77 2.60 2.24 2.54 2.43
Ca 0 . 0 1 0 . 0 2 0.04 0 , 0 1 0.03 0.03
Na 0 . 0 2 0 . 0 0 0.03 0 . 0 1 0 . 0 1 0 . 0 2
K 0.19 0.15 0.32 0.15 0.52 0.38
Si0 2 27.49 28,29
TÎ0 2 0 . 0 0 0 . 0 0
AI2 O3 19.37 19.78
FeO 30.57 32.27
MnO 0.13 0.08
MgO 8.19 7.82
CaO 0.39 0.37
Na%0 0,13 0.09
K2 O 0.43 0.59
Total 86.69 89.36
Si 6.01 6.03
AlIV 1.98 1.96
AlVI 3.00 3.00
Fe 5.59 5.76
Mn 0.02 0.01
Mg 2.67 2.48
Ca 0.09 0.08
Na 0.05 0.03
K 0.11 0.15
Sample  CGIO
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SÎ0 2 35.19 35.95 35.68 38.36 35.04
Ti0 2 0 . 0 1 0.03 0,08 0.18 0 . 1 1
AI2 O3 10.70 1 0 , 2 2 11.85 9.40 11.78
FeO 26.27 25.12 27.01 24.92 25.74
MnO 0.08 0.54 0.04 0.06 0.09
MgO 11.70 15.14 10.24 14.17 9.93
CaO 0.49 0.30 0.52 0.33 0.49
Na%0 0.18 0.16 0.05 0.35 0.49
K2 O 0.72 0.69 0.36 1.39 0.49
Total 85.43 87.66 85.84 89.16 83.76
Si 7.57 7.48 7.61 7.82 7.64
AlIV 1,57 0.52 1.32 0 . 0 1 0.36
AlVI 2.28 1.98 2.58 2.08 2 . 6 6
Fe 4.73 4.37 4,80 4.25 4.69
Mn 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1
Mg 3.75 4.69 3.27 4.31 3.22
Ca 0 . 1 1 0.06 0 . 1 1 0.07 0 . 1 1
Na 0.07 0.06 0 . 0 1 0.13 0.04
K 0.19 0.18 0.09 0.36 0.13
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APPENDIX 4,1 XRF ANALYSIS
LMethoc! of analysis
a) Sample preparation
All samples were prepared by first removing all weathered material using a surface grinder. 
Samples were then fed into a jaw crusher to reduce the rock to small chips. These were then
ground in a Tema swing mill until the powder was less than 200 mesh.
b) Major and minor elements
Major element compositions were determined using a fused bead prepared from 0.5g of rock 
powdei together with 2.5g of Spectroflux 105 and ammonium nitrate as an oxidant. This method is 
essentially that described by Norrish and Hutton (1969).
Iron was determined as total Fe2 0 3  and the weight loss of the rock sample on fusion was measured
and used as an estimate of loss on ignition (F.Loss).
Trace elements were analysed using pressed powder discs prepared using 5g of rock powder and 
Moviol as a binder.
c) Machine conditions
Analysis was carried out using Philips PW 1450/20 and PW 1212 sequential spectrometers. In all
cases a Rh tube was used for primary excitation of elements. Operating conditions were either 50 
kV-30 mA (PW 1450/20) or 40 kV-32 mA (PW 1212).
d) Accuracy and Precisinn
Accuracy is estimated by reference to "accepted" values from well known USGS reference 
standards. The six standards were ran blind during one analytical session. The maximum 
difference between reported USGS standard and values obtained at St. Andrews is given in the 
table below for each major element oxide.
SiOg 0.62%
TiOg 0.01%
AI2O3 0,27%
^^2 ^ 3  0.19%
MgO 0.38%CaO 0.06%
NagO 0.1%
K2O >0 ,1 %
P2O5 0 .02%
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Precision estimates for the major oxides are based upon six replicates each on six separate beads. 
Mean sample compositions and standard deviations are given in the table below.
Mean Standardcomposition deviation
SiOz 7L65 0.16
Ti0 2 039 0 . 0 0
AI2O3 14.52 0.05
Fe2 0 3 :L6 6 0 . 0 1
MnO 035 0 . 0 0MgO (168 0.05CaO L93 0 . 0 0
Na2 0 3.6 0 . 1
K2 O 3.5 0 . 0
% (108 0 . 0 1V 34.4 0 . 8Ba 908 9La 105 1.3Ce 12&4 2 . 1Hf 5.83 0,35Cr 60.7 0 . 6Ni 106 0.7Cu 343 0.7Zn 623 0 . 8Nb 27.3 1.18Zr 216 0.9Y 26.1 0.9Sr 324 13Rb 176 13Th 244 3.0Pb 233 0.9
el Results
Given below are the major and trace element compositions of samples collected from Boyleston 
Quarry, Langbank Cutting and Campsie Glen. Full sample details are given in Appendix 2.1.
Location : Boyleston Quarry
Ref,: O.S. Landranger 1: 50 000 Sheet 64 (NS 492 598)
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Sample Al A2 A3 A4 A5 A6'
SiO, 44.29 47 02 48 37 45.99 52.36 48.22
T.O , 1 6^ 1 93 2 01 1 87 1.70 1.97
AIjO, I6Ü2 15 On 15.03 13.96 14.89 16.29
F e ,0 , 9 67 12 29 13.34 12.18 11.26 13.82
MnO 0.06 O i l 0.10 0.14 0.13 0.34
M gO 1.42 3 44 4.52 6.15 3.86 5.55
CaO 15.30 9.79 4.94 6.79 4.71 5.58
N a;0 4 4 4 9 6.1 5.1 6.7 3.6
K.O 0.4 0 7 0.8 1.1 1.9 0.5
P ,0 , 0.25 0 32 , 0.34 0.29 0.24 0.28
F.Lom 5.4 3 4 3.8 6.4 2.6 3.6
To, 98.93 98 96 99.35 99.97 100.35 99.75
Zn 15 75 73 88 71 80
Cu ,S48 26 1.1 9 4 5
V i 22 .52 53 51 31 40
Cr 24 30 29 31 22 29
V 354 449 434 447 195 339
Ba 20 187 , 163 242 384 1219
M, 6 3 3 3 3 4
Ce 14 61 58 60 60 58
Lfl 16 26 19 20 17 18
Vb 21 28 •27 26 26 26
Zr 115 135 153 142 129 87
Y 18 22 23 21 21 21
Sr 258 474 293 334 381 1510
Rb 0 12 22 42
Tti 7 6 4 1 2 0
Pb 2 8 .5 9 4 7
Sample B1 82 B3 B4 85
SiO, 48  7 0 47 .11 40 |7 43.35 45.62
TiO. 1 83 2.21 1.43 1.83 1.86
A1,0, 15.29 14 05 15 96 14.73 14.13
Fe'O , 12 09 13.70 9 85 11.02 10.70
MnO 0.12 0 14 0 0 6 0.07 0.08
MgO 4.59 5.81 2.59 2.59 2.85
CaO 5 97 < 19 18 80 12 38 11.6
N a,0 6.3 5 7 . 5.4 5.8 5 5
K ,0 0.2 0 3 0.9 0.0 0.1
P ,0 , 0.29 0.35 0.33 0.36 0,32
F .L on 4.0 4 4 5.4 6.6 6.6
To, 98.38 99.10 100.89 98 73 99.36
Zn 89 9 4 42 47 60
Cu 5 2 84 42 21
\ i 45 65 27 33 46
Cr 32 37 23 20 23
V 493 470 386 366 322
Ba 19 82 T 21 31
HI 3 1 3 3
Ce 38 6< 64 50 61
Nh 2K 20 25 27
Zr 131 150 121 145 148
Y 21 24 24 22 20
Sr 524 706 100 237 265
Rb 3 1 0 0 0
Th 2 3 1 5 3
Pb 2 1 6 5 3
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Somplc C l C2 C3 04 C5 C6 C7 C8 C9
SiO, 45.82 49.96 45.84 46.77 45,06 49.04 39.47 45.82 48.65
TiO, 2.03 2.01 1.76 1.78 1.63 1,76 1.37 2.07 1.96
AI A 16 15 15.99 14 14 14,58 13 79 14.60 13,38 14.49 15.01
P c ,0 , 13 02 10.98 1 1 .(6 11 89 10 98 11.76 9.12 13,50 12.08
MnO 0.12 0.13 0.15 0.13 0.15 0.15 0.12 0.13 0.16
MgO 4,35 4.12 5.76 3.59 4.87 4.52 3.96 3.99 7.40
CaO 6.89 5.13 6.82 7,93 8.54 6.35 12,50 7.98 5.48
N a,0 3.9 7.1 6 1 5.2 5,8 6 4 5.7 5.5 4.2
K ,0 2 4 0 9 1 2 2 2 1 3 0.9 1.4 1.2 1,6
P ,0 , 0 2" 0 23 0 ’ 5 2 18 1.32 0 9 2 0.22 0,34 0.28
P .l^ ss 5.0 4.2 6 2 4.2 6 6 4 13.4 5.4 3,8
Tor. 99.95 100.8 99,88 100.5 100.0 100,4 100.6 100.4 100.5
Zn ICO n.d. 113 91 100 93 83 76 105
Cu 27 n.d 165 28 17 8 145 41 6
S i 28 n d 28 28 24 31 23 36 51
Cr |7 n d 20 P 16 19 12 19 59
V 314 120 182 140 127 104 88 206 657
Ba 400 184 294 426 311 249 350 228 897
Hf 4 3 3 3 3 3 3 4 4
C« 34 68 40 28 53 53 53 49 65
La 24 P 24 .3 5 23 27 23 19 26
N'b 25 24 25 23 27 23 22 27 30
Zr 106 105 130 131 148 134 116 129 98
Y 20 19 21 21 20 19 20 24 23
Sr 1257 628 284 492 265 415 614 728 1290
Rb 56 II 11 44 0 1 12 27 28
Th 3 0 2 0 3 0 0 0 3
Pb 2 11 11 12 3 0 0 3 7
n.d, : no daia.
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Locaiion; L*ngbi»nk Con in g 
R«f, O .S. Landfunger l;50  000 Shcei 6?  (NS .'(69 7.^5)
LA5 UA6LA4LA 2Sample LAI
48.70SiO.
2,05 2.603,03TiO, 2 87
17.9017.11A1,0. 17 94 19.22
11.079.049.939.83 1082
0.13 0.120.14M nO 0.18 0.19 0.13
3.85 3.625.81MgO 7,07 8.18 5.89
2.44C » 0 2 .612 17
4,93.0
K,0 7.0
P.O. 0.2 0,400 47
7.8 7.0 10.6 3.0
100.65T oi 99 85 99.0899,30
193169n it
n.d
n.d.
407 1074 566
204 174
277172
n.d.
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Locution: L«ngb«nk Cutting
Ref. O.S. U n d ran g er 1:50 000 Sheet 63 (NS 369 735)
Sample LA? LAW LB3 1.134 LI35 1.136 LBl OR'
S ,0 ; .17 22 48 77 44 93 47 3'' 51 65 44,61 48 98 46.85
TiO , 2.54 2 47 2.46 3 14 1 84 2 37 2.49 3.41
A1,0, 17.84 17.56 17.78 1564 16.71 17.19 17.56 15.95
F c ,0 , 11 08 10,90 11.81 13.32 8.29 10.63 9.97 11.64
MnO 0.51 0  24 0.22 0-17 0 08 O i l 0.15 0.20
MgO 4 18 475 9.2? 5.14 1.42 3.38 4 46 6.69
C'iiO 2.83 4 19 1.36 2.89 4.53 851 2.8.3 4.19
N a ,0 4.2 4 8 3 6 5.8 9.4 3.9 5.2 5.7
K ,0 3.4 2.7 2.1 1.5 0.1 2.1 2.5 0.9
P,0, 0.40 0 37 0.34 0.55 0.32 0.36 0.40 0.62
F Uisü 5.8 3 2 6.8 4 0 SO 6.0 6 4 4.8
Till 98 60 1000 to o  67 99 5; 99 34 99 16 100 9 100.9
%n 201 285 445 250 86 53 236 28)
Cu 0 0 0 0 0 0 0 0
Ni 15 14 14 5 9 14 13 7
Cr 0 0 0 0 0 0 0 0
V 115 195 131 198 28 179 107 216
13a 464 826 292 .318 26 411 244 163
IK n d n d n d II d n d II d n d II d.
Co 66 54 62 89 39 51 58 39
La 24 23 24 33 16 23 29 17
N'b 15 31 35 53 27 30 34 15
Zr 189 206 185 272 141 199 184 319
Y 2n 23 24 16 23 25 22
Sr 460 1121 243 3 '6 151 1098 325 370
Rb 110 70 62 34 .3 47 89 14
Th 5 5 4 5 3 4 5 7
Pb 40 29 53 41 9 0 41 29
170
t.oc<i!ioi\ Cam psic Oien
Ref O S l^odriu igcr 1.50 000 ShetM 64 (N'S 616 KOI')
Sample PI' API AP2 AP3 CD
SiO , 46.S8 51.69 41.37 49.33 55.53
TiO , 3.08 2.02 3.58 2.47 3.68
A ljO , 15.73 10 39 18 32 13.08 15.66
l-e ,0 , 15 74 1.1 86 17 46 15.79 12.28
MnO 0 1.1 0 23 O i l 0.16 0.31
MgO 1.89 2.23 2.49 2.55 1.64
0 , 0 5.91 7.84 2.89 4.99 1.07
N a ,0 3.5 0.2 2.9 0.6 2.9
K ,0 0.4 0 9 1.1 0.9 0 7
K G , 0 54 0 39 0 63 0,41 0.51
R.Uivv 4 6 9 8 8.6 8.8 6.4
Tex, 98.49 99,45 99,45 99.08 100.68
Zn 53 68 63 n.d. n.d.
Cu 0 0 0 n.d n.d.
9 9 n d n.d.
Cr 0 0 0 n.d n.d.
V 0 0 0 n.d. n.d.
Ba 2 )0 206 215 n.d. n.d.
Hf n.d. n,d. n.d. n.d n.d,
Cc 64 39 89 ta d n d.
La 35 |7 37 n d n d.
•Vh .13 24 40 n.d n.d.
Zr 243 173 271 n.d. n.d.
Y 30 22 36 n.d. n.d.
Sr 447 49 51 n.d. n.d.
Kh 9 18 23 n.d. n.d.
II, 4 4 5 n d n d
.............. . 2
4 3 n d n.d
denotes composition of materlaJ collected outside of metadomain
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Element BoylestonQuarry LangbankCutting Campsie Glen
n=19 n=13 n=3'
SiO; 3.0 3.2 4.4
TiO; 0 . 2 0.4 0.7
A 1 2 0 3 0 . 8 1.4 3.3
FeaO) 1 . 2 1.4 1.5
MnO < 0 . 1 < 0 . 1 < 0 . 1
MgO 1.4 1.9 0 , 1
CaO 3.8 1.9 2 . 0
Na;0 0 . 8 1,7 2 , 0
K ; 0 0.7 < 0 . 1 1 . 2
P 2O 3 0.5 1.5 0 . 1
F .Loss 2 . 2 2.3 0.52
Sr 375 52 1
Rb 17 52 2
Cu 125 0 0
Zn 24 99 2.5
Y 1 5 7
Zr 17 37 49
n=2 for trace elements
Table showing standard deviation for each element as determined using XRF analysis. 
Gains and losses accompanying metadomain alteration, using the isocon technique, 
are determined using Figure 4.3(maiors in wt.%, traces in ppm)
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Mineral : Calcits
Location : Boyleston Quarry
Sample No: OM associated with ananlcimeTypg
L+V
■67
ice Tm ice Th
107165
Sample No; E2 associated with analcime L+V
0.900.90Ü850.90
-50 -9 115 0.90-16 0.90-64 -13 0.90-55 -14 0.95
- 6 6 -17 138 0.90145 0.85-51 0.60
Sample No: OL associated with analr.lmp.L+V
-39 -1 123 0.85
0 1 1 1 0.90
Sample No: SI associated with prehnUeL+V
-65 0.90
- 6 6 - 2 1 0.90
- 6 6 - 2 1 173 0.90138 0.95208 0.90169 0.85
2 1 0 0.85
0 179 0.95
0 116 0.95
0 177 0.80
0 165 0.85
0 155 0.85
Sample No: S5
T O .V
associated with prehnite
-60 -19 0.90-60 -18 142 0.90144 0.95-64 - 2 0 155 0.95
Sample No; S7 associated with prehnUaL+V
0 0.80
0 0.80
2 2 2 0.90176 0.80
Type
L+V
L+V
W» ice Tm iqq Th F
132 0.90-67 67 0.95
0 115 0.90
-45 - 2 .-64 - 1 0 0.90
0 1 1 0 0.95-62 -5 126 0.85138 0.90138 0.90
L+V
L+V
L+V
L+V
-47 - 2 58 0.95-39 0 58 0.95
-65 -23 72 0.95-46 - 2 0 144 0.90
- 6 6 - 2 0 119 0.9558 0.95157 0.85230 0.90
0 196 0.80
0 1 1 1 0.95
0 190 0.80
0 2 0 2 0.90
0 191 0.85
-60 -19 0.90-64 -18 129 0.90”18 115 0.95-64 -19 123 0.90
0 0.70
- 2 0.80185 0.90255 0,80
T73
Sample No: WF4 associated with analcime L+V
0 0 0 0
Sample No: WF7 associated with analcime L+V -56 -49
-74 -25-65 -23-63
L+V
49-67
49-47-52■52
-60-41-47
■47
-19-7
-19-14-18
-8-24
-7-16-15
1 0 0 0.95 0 165 0.850.85 139 0.900.80 0 161 0.90149 0.90 0 206 0.90182 0.90 -59 - 1 0.95149 0.90 -64 -16 181 0.85
L+V137 0.95 -40 - 2 0 136 0.85
1 0 2 0.85 -69 1 0 0 0.900.90 137 0.9058 0.90 174 0.90126 0.90 129 0.9090 0.90 -49 -24 149 0.85174 0.80 -48 . -13 123 0.90160 0.90 -13174 0.90 -60 -14 134 0.90203 0.85 -50 -14 136 0.90173 0.90 -46 -14 114 0.90
2 1 0 0.90 -49 -17 138 0.9093 0.90 -45 -9 188 0.80172 0.90 -49 - 6 186 0.90
2 1 1 0.90 -47 134 0.9098 0.90
Sample No: S5 associated with prehniteL+V
-57-60-66-60-45
225 0.80
0 0.80
0 0.80-28
- 2 1 163 0.90-28 176 0.90-23 164 0.95-4 179 0.90137 0.90
L+V
-35
0 192 0.85
0 178 0.90180 0.90
0 218 0.85
0 194 0.80241 0.90
1 1 1 0.85
1 0.80
Mineral : Calcite
H i g h  Craigton Quarry (no prehnite at this locality) Sample No:
L+V
Tfm ice Tm ice Th F Type ice Th FL+V
- 1 2 61 0.90 - 6 6 -16 81 0.90-16 65 0.95 -18 50 0.90-16 8 8 0.90 -60
-60 -16 74 0.90 - 2 2 62 0.9059 0,95 - 1 2 90 0.95-17 90 0.90 -72 - 1 2
-56 -14 126 0.90 -60 -16 144 0.85- 1 2 -57 -15
-72 -19 160 0.95 -19 151 0.95-14 172 0.85 -58 -15 147 0.90-72 "14
174
Sample No; Mg2L+V L+V
0 128 0.90 0 139 0.90
0 131 0.95 0 136 0.95
0 151 0.90 0 145 0.90
0 133 0.90 0 1 1 0 0.95
0 149 0.90 0 74 0.95
0 76 0.90 0 76 0.90
0 125 0.90 0 113 0.90
8 6 0.90 0 80 0.9085 0.95 0 1 1 0 0.90
1 2 1 0.90 0 131 0.90
0 75 0.95 0 81 0.95
0 132 0.90 0 132 0.90
0 69 0.95 0 6 8 0.95
0 133 0.90 98 0.95
0 92 0.90 129 0.95
0 94 0.95 114 0.9087 0.90 89 0.95177 0.85
Sample No: Mg3L+V L+V115 0.90 98 0.95106 0.90 55 0.9594 0.90 0 92 0.90
1 1 1 0.90
Sample No: HCN
L+V L+V
0 185 0.80 0 123 0.90
0 135 0.90 0 164 0.80
0 165 0.80 0 151 0.80
0 114 0.95 -50 -16 153 0.85
0 115 0.90 -31 - 2 147 0.90
0 105 0.95 0 105 0.95
0 108 0.95 0 113 0.95115 0.90 0 1 2 0 0.90-15 -70 -16-65 -16 164 0.85 -65 0 107 0.95-65 -16 167 0.80 -63 -16 99 0.90
- 6 8 -17 1 2 0 0.90 117 0.90
0 115 0.90 0 115 0.90
0 98 0.90 0 129 0.90
0 127 0.90
Sample No: HC5
L+V, V+L L+V, V+L-61 -15 -62 -14 187 0.80-43(L) -47 -14-53 -16 163 0.75 -60 -17 174 0.80
- 6 6 -13 - 6 6196 0.90 160 0.90-51 -15 205 0.85 -69 -26 143 0.85129 0.90 190 0.85162 0,85 135 0.90139 0.90 134 0.90140 0.90 165 0.90159 0.85 -63 - 2 1 309 0.60-57 - 8 309 0.55 -17 240 0.60255 0.70 -15 233 0.60
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Mineral : Calcite
SaropieNQ: CV8 6  (Evans, 1987)Type Tym Tw ice Th F
LtYCpiimm:]-62 - 2 1 85 0.95-62 - 2 2 89 0.95-63 - 2 0 144 0.95-62 -17 123 0.95-62 -7 115 0.9596 0.95-62 171 0.85107 0.95-58 126 0.90129 0.9089 0.95130 0.90
0 133 0.90-3 163 0.9580 0.9097 0.90
1 1 0 0.9097 0.90142 0.95
0 94 0.9087 0.90123 0.90126 0.90L+.Y(secondarv1
0 1 2 2 0.9591 0.9573 0,95
0 107 0.95116 0.9079 0.95
Mineral : Analcime
Location: Bovleston OuarrvSample No: WF2
Typa 77^ Tm ice Th F
L+Vl'primarv')
-23 0 108 0.90
- 1 168 0.95
-1 115 0.90
- 2 1 ” 1 259 0.90
- 2 0 - 2 289 0.90
- 2 1 0 188 0.90113 0.90
0 156 0.80-24 0
- 2 1 0-24 0 257 0.90
- 2 0 0 0.90
- 2 0 0 257 0.85-27 0 187 0.80-24 0 224 0.75-24 0 255 0.75
0 173 0.90
2 0 0 0.90
0 186 0.90
Type Tfm 
L+V(primary) 
-62 -62 
-62 -59 -64
-65
ice
■61-61
Tm
-6-18-19-3-180
0
12
ice Th
110145142
133164 124134 114 128 12386143 134165 
84 
98107132
133 
118
98127
102
711158397
0.950.950:95
0.950.950.950.900.900.900.900.950.950.900.950.900.90
0.900.90
0.90
0.900.95
0.90
0.950.900.950.900.95
Type Tfm ice Tm ice Th F
L+VCprimarvI
-3 149 0.90-19 133 0.90
0 187 0.85-25 - 1 239 0.75
0 232 0.85113 0.90
0 152 0.90
0 204 0.90
- 2 1 0
- 2 1 0
- 2 2 0 251 0.90
- 2 0 0 253 0.85
- 2 0 0 267 0.90
- 2 0 0 214 0.75-24 0 243 0.80-23 0 178 0.80
- 1 2 1 2 0.85
0 190 0.85
0 186 0.90
0 185 0.90
0  181 0.90
175 0.90
1 7 6
- 1 181 0.90
- 1 175 0.90
0 175 0.90
Mineral : Quartz 
Location: Mugdock Ouari'v Sample No: MQl Type Tfm Iqq- ►vv, Tm Ice Th F Type Tfm ice Tm ice Th F
ktY(pnmary). L+Vrprimarv)
.0 142 0.95 -27 0 147 0.950 82 0.95 0 94 0.95
-31 0
0  0  : È0 105 0.95 87 0.95"29 91 0.95 -28 0 92 0.95
77 0.95 145 0.95
isi
oii
0 Is: oi:0 156 0,90 -29 0 95 0.95
87 0.95 0 72 0.95
I I o;l I I
0 79 0,95 -28 0 96 0.95
. 1  SI? ■!! 81?108 0.95 0 121 0.95116 0.95 1 1 2  0.95I: :: °
107 0.95 133 0.95
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APPENDIX 5.2 FLUID EXTRACTION PETALS
1. Fluid extraction results
Given below are the results of 20 analyses performed upon calcite samples collected from the 
Clyde Lavas (see Appendix 6.1 for details). The proportions of water, carbon dioxide and 
non-condensables determined from analysis are expressed both as moles per gram of calcite and 
relatative percentages.
Sample No, H^O
(mol.g-0
COg
(mol.g-0
Non C. 
(mol.g-0
HoO
(%)
CO2
(%)
Non C. 
(%)
HCmisc 2 9.2*10-^ 4.9*10-7 9,6*10-8 93.9 5.0 1.1
HCIO 6.0*10-6 5.0*10-7 2.2*10-7 89.3 7.4 3.2
HC5 1.3*10-4 3.0*10-6 4.3*10-6 94.5 2.3 3.2
Mug3 2.9*10-4 1.9*10-6 5.2*10-7 99.0 0.6 0.3
MglA 2.0*10-5 7.9*10-7 1.4*10-7 81.5 3.2 15.3
Mug2 8.3*10-7 9.9*10-8 4.4*10-8 85.3 10.1 4.5
MglC 2.6*10-6 5.1*10-8 1.2*10-8 97.6 1.9 0.5
XI 2.5*10-5 2.5*10-6 7.8*10-7 88.7 8.6 2.6
X3 3.1*10-5 5.5*10-6 1.6*10-6 81.1 14.5 4.3 '
B6 1.9*10-4 3.1*10-6 1.3*10-6 97.7 1.6 0.7A4 1.5*10-4 5.7*10-6 1.8*10-6 95.2 3.6 1.1
C3 7.9*10-5 6.9*10-6 1.7*10-6 90.2 7.8 1.8A2 7.5*10-5 6.9*10-6 1.6*10-6 90.2 7.9 1.9B3 4.9*10-4 6.1*10-6 3.2*10-6 98.1 1.2 0.6
A3 1.6*10-4 1.0*10-5 7.3*10-6 90.0 5.7 4.1
B5 2.3*10-5 1.2*10-6 3,5*10-7 93.8 4.7 1.4
Cl 2.9*10-5 5.3*10-6 1.7*10-6 80.1 14.9 4.8C6 1.1*10-4 4.1*10-6 4.0*10-6 92.9 3.5 3.4B4 3.7*10-5 4.6*10-6 9.7*10-6 72.2 8.9 18.8C7 1.1*10-4 4.9*10-6 2.7*10-6 93.2 2.3 4.2
N.C.== non condensables.
2. Gas Chromatograph details
For G.C. analysis of the non aqueous condensible phase 0.4 g of sample is used. The non 
condensible phases are sent directly to a Carlo Erba G.C. fitted with a thermal conductivity detector 
and 6' * 1/8 " glass column fitted with "Porapack Q" 80-100. Analysis is carried out under a 
Helium flow of 25 mL min"l with an oven temperature of 100 °C isothennal. The column was 
calibrated using standard gas mixtures.
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3. Accuracy and precision
Accuracy was determined by comparing results obtained from the British Geological 
Survey on a sample of quartz from Carrock Fell, Cumbria. A total of three runs were carried out, 
the results of which are tabulated below
Non
H2 Q CO2  Condensibles
St. Andrews 71,3 1.48 0.35St. Andrews 72.6 1.5 0.4St. Andrews 75.3 1.4 0.4B,G,S. 74.7 1.47 0.3
Precision estimates are based upon repeated analysis of Brazilian Quartz, the results of which are
tabulated below.
mo CQ2 Noa.
5 . 8 3,9 0.54
5 . 6 3.8 0.60
5 .1 3.8 0.50
5 . 6 3.8 0.52
5.52+/-0.3 3.82+/-0.05 0.54+/-0.04
All results quoted in mol*10'^g'l.
179
àp?mjmAh hQQàxmiiÂm DEs,cEim.QN.,QE
Minerai: Analcime
Boyleston Ouarrv
Sample No. Description 
OL/OLl Euhedral, isometric and cloudy within amygdales.
S4
S6/S61
WF2
WF4
El
ZI
Analcime dominated vein with minor calcite. Massive analcime.
Sample No. 
OM
SI/ S41
Analcime rich hydrofractured vein. WF 11 Minor prehnite and calcite.
Minor cloudy analcime in small quartz rich vein.Cloudy, massive analcime in vein. WF6 Also present minor green prehnite and calcite.Small iron stained vein network B3 dominated by clear analcime.
Analcime rich vein with minor calcite. Cloudy, massive analcime.
WF3/WF31
High Craigton Quarry
HCA Cloudy analcime from hydrofractured vein dominated by calcite.
HCB
Langbank Cutting
CV86 Massive, cloudy analcime inlarge calcite dominated amygdale.
Description
Clear, isometric, massive crystals with some green staining Intensely hydrofractured. Analcime rich hydrofractured vein with minor calcite.Cloudy massive analcime. Hydrofractured massive analcime Cloudy analcime with widescale green staining.
Isometric cloudy analcime dominating fist sized amygdale. Calcite dominated vein system with minor prehnite and clear to slightly cloudy analcime. Hydofractured, analcime rich vein. Clear analcime.
Massive, pink analcime from large amygdale. Also calcite.
Mineral: Calcite Boyleston Quarry Sample No. Description
OL
Œ i
WF2
WF5
WF8
S3
S6
Sample No. 02/021Minor clear cacite rhombs in analcime dominated amygdale.Intensely hydrofractured analcime 03dominated vein. Minor clear calcite with green staining.Minor, fine grained, clear WF4/WF41calcite in small hydrofractuied vein network.
Minor clear calcite rhombs growing WF6 on milky analcime.Minor calcite after clear S1polycrystalline quartz.
Minor clear calcite from small S5prehnite vein.
Minor, polycrystalline clear calcite S7grains on analcime.
Description
Clear calcite from amygdale. 
Green staining around margins. Clear calcite from fine grained vein.
Minor, clear, massive calcite in prehnite rich vein.
Clear, calcite dominated vuggy amygdale with minor prehnite. Vuggy clear calcite.
Milky and clear calcite rich 
hydrofractured vein.Clear calcite from minor prehnite rich vein.
Sample No. Description B1 Minor calcite on white analcimeamygdale.
Sample No. 
Cl
E2 Minor, clear calcite within hydrofractured middle flow
High Craigton Quarry 
HC 10 Cloudy calcite vein withinlahar.HC5 Clear calcite vein fromHydrofractured fresh basalt. 
HCN 1/2/5 Large amygdale infilled with
large calcite rhombs from lahar.
HC9
HCl
^ ^ m isc  1-n
MglA Calcite with masive pink analcime MglB found within amygdale from Upper High Craigton Quarry.
Langbank Cutting
L12A
LBC2/5
LC8
LBl
CV861/4/5
Vein calcite from approx. 7 metres L12B below flow boundmy
Calcite vein approximately 10 metres below flow boundary. Calcite approximately 2 metres below flow boundary 
Amygdale calcite 10 metres below flow boundary.L. Evans (1987) Langbank Cutting.
LC5
LB6
Mugdock Ouarrv.MQ/1 Fibrous vein calcite. Mug 2
Mug 3 Clear vein calcite in fresh basalt.
Campsie Glen
AP3 Small calcite vein from highly alteredCPLlMarkle basalt within Flow 18.
180DescriptionLarge calcite rhombs on botroydal prehnite. Minor green staining.
Cloudy calcite vein within lahar.Clear calcite vein from 
Hydrofractured fresh basalt. 
Calcite from base of lahar 
associated with minor analcime mineralisation.
Calcite from lower bole.Host basalt impregnated with analcime and calcite.
Small calcite vein network approximately 5 metres below flow boundary.
Amygdale calcite 5 metres below flow boundary.
Calcite approximately 15 metres below flow boundary within amygdale.
Calcite infilling vesicles in highly altered feldspathic basalt.
Vein calcite from vesicular basalt along Campsie Scarp.
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